Institut de Biotecnologia
i iomedicina

Universitat Autonoma de Barcelona

Departament de Bioquimica i Biologia Molecular
Institut de Biotecnologia i de Biomedicina

Modelos proteicos para el estudio de |la
agregacion amiloide in vitro e in vivo

Alba Espargaro Colomé

2012






1bb

Institut de Biotecnologia
i de Biomedicina

UNB

Universitat Autonoma de Barcelona

Departament de Bioquimica i Biologia Molecular
Institut de Biotecnologia i de Biomedicina

Modelos proteicos para el estudio de |la
agregacion amiloide in vitro e in vivo

Tesis doctoral presentada por Alba Espargard Colomé para el grado de
doctor en Bioquimica y Biologia Molecular por la Universitat Autonoma de
Barcelona

Tesis realizada en el Departamento de Bioquimica y Biologia Molecular y
en el Institut de Biotecnologia i de Biomedicina bajo la supervisidon de Dr.
Salvador Ventura y Dr. Raimon Sabaté

Alba Espargaré Colomé

Dr. Salvador Ventura Dr. Raimon Sabaté

Cerdanyola del Valles 2012






CONTENIDO

LISTADE ARTICULOS. . .. ..ottt e e e e e e e e 1
ABREVIACIONES. . ... o e e e e 3
RESUMEN . . .. e e e 4
INTRODUCCION. . ..ottt ettt e e e et et e 7
De la secuencia a la estructura: Plegamiento proteico. . ....................... 7
Espacio conformacional. . ....... ... e 8
Proteinas intrinsecamente desestructuradas (IDPs) .. ....................... 9
Agregacion proteicay enfermedadeshumanas. . ............................. 9
Mecanismo de formacién de los agregados amiloides. .. ..................... 13
Seeding y especificidad secuencial. .. ....... ... 16
Especies intermediarias durante la formacion de fibras amiloides . ............ 17
Elementos determinantes de la agregacion proteica.......................... 18
Propiedades intrinsecas . . ...t e 18
Propiedades extrinsSecas. .. ..o vttt e e 19
Regiones determinantes de laagregacion. . ............ ... ... 20
Estructuras amiloides funcionales. . ............. .. ... .. ... . i 21
PrIONeS. . . o e 22
Agregacion en células bacterianas: Cuerpos de inclusiéon (IBs). .................. 24
Propiedades de los cuerposdeinclusion. . ............ ... ... 24
Calidad proteica y equilibrio dindmico con chaperonas. . ..................... 26

Modelos proteicos utilizados para el estudio de la agregacidn in vitro e in vivo. . . . 28

DISCUSION. . . ..ttt ettt et e et 30
BLOQUE I. Estudio de la agregacidn proteica in vitro. Propiedades biofisicas de
las fibras amiloides. . . ... .. .. 30
CAPITULO I: Efecto de la secuencia y la composicién aminoacidica en la
formacidn amiloide. . ... .. e 30
CAPITULO II: Efecto del micro-entorno en la formacién de fibras amiloides. . . . . 33
BLOQUE II. Estudio de la agregacidn proteica in vivo. Propiedades biofisicas de

loscuerposdeinclusion. . ........... ... ... . . . 35



CONCLUSIONES. . . ... e e e e 40
REFERENCIAS. . . . . e e e e e e e e e 43

BLOQUE I: Estudio de la agregacién proteica in vitro. Propiedades Biofisicas de las fibras

amiloides.

Capitulo I: Efecto de la secuencia y la composicion aminoacidica en la formacién amiloide.
- Articulo 1

- Articulo 2

Capitulo II: Efecto del micro-entorno en la formacion de fibras amiloides.
- Articulo 3
- Articulo 4

- Articulo 5

BLOQUE II: Estudio de la agregacidn proteica in vivo. Propiedades biofisicas de los cuerpos de
inclusion.

- Articulo 6

- Articulo 7

- Articulo 8

- Articulo 9



LISTA DE ARTICULOS

Esta tesis esta basada en los siguientes articulos:

1. Native structure protects SUMO proteins from aggregation into amyloid fibrils
Sabaté R, Espargard A, Grafia-Montes R, Reverter D, Ventura S
Biomacromolecules, Jun 2012; 13(6):1916-1926

2. The role of protein sequence and amino acid composition in amyloid formation:
scrambling and backward reading of IAPP amyloid fibrils
Sabaté R, Espargard A, de Groot NS, Valle-Delgado JJ, Fernandez-Busquets X, Ventura S
Journal Molecular Biology, Nov 2010; 404(2):337-352

3. Energy barriers for HET-s prion forming domain amyloid formation
Sabaté R, Castillo V, Espargard A, Saupe SJ, Ventura S
FEBS Journal, Sep 2009; 276(18):5053-5064

4. Temperature dependence of the aggregation kinetics of Sup35 and Ure2p yeast prions
Sabaté R, Villar-Piqué A, Espargard A, Ventura S
Biomacromolecules, Feb 2012;3(2):474-483

5. Effect of the surface charge of artificial model membranes on the aggregation of amyloid
B-peptide
Sabaté R, Espargard A, Barbosa-Barros L, Ventura S, Estelrich J
Biochimie, Aug 2012,94(8):1730-1738

6. Kinetic and thermodynamic stability of bacterial intracellular aggregates
Espargaré A, Sabaté R, Ventura S
FEBS Letters, Oct 2008;582(25-26):3669-3673

7. Characterization of the amyloid bacterial inclusion bodies of the HET-s fungal prion
Sabaté R, Espargaro A, Saupe SJ, Ventura S
Microbial Cell Factories, Oct 2009,;8:56

8. Yeast prions forms infectious amyloid inclusion bodies in bacteria
Espargaro A, Villar-Piqué A, Sabaté R, Ventura S
Microbial Cell Factories, Jun 2012;11(1):89

9. Thioflavin-S staining coupled to flow cytometry. A screening tool to detect in vivo protein
aggregation
Espargaré A, Sabaté R, Ventura S
Molecular Biosystems, Aug 2012



Otros articulos publicados por Alba Espargard no presentados en esta tesis:

1. Using bacterial inclusion bodies to screen for amyloid aggregation inhibitors
Villar-Piqué A, Espargard A, Sabaté R, de Groot NS, Ventura S
Microbial Cell Factories, May 2012;11(1):55

2. Aggregation of the neuroblastoma-associated mutant (S120G) of the human nucleoside
diphosphate kinase-A/NM23-H1 into amyloid fibrils
Georgescauld F, Sabaté R, Espargard A, Ventura S, Chaignepain S, Lacombe ML, Lascu |
Naunyn Schmiedeberg’s Archives of Pharmacology, Oct 2011,384(4-5):373-381

3. Bacterial inclusion bodies of Alzheimer’s disease B-amyloid peptides can be employed to
study native-like aggregation intermediate states
Dasari M, Espargard A, Sabaté R, Lopez del Amo JM, Fink U, Grelle G, Bieschke J, Ventura S,
Reif B
Chembiochem, Feb 2011;12(3):407-423

4. Deciphering the role of the thermodynamic and kinetic stabilities of SH3 domains on their
aggregation inside bacteria
Castillo V, Espargard A, Gordo V, Vendrell J, Ventura S
Proteomics, Dec 2010;10(23:4172-4185

5. Studies on bacterial inclusion bodies
De Groot NS, Espargard A, Morell M, Ventura S
Future Microbiology, Aug 2008;3(4):423-435

6. Inclusion bodies: specificity in their aggregation process and amyloid-like structure
Morell M, Bravo R, Espargard A, Sisquella X, Avilés FX, Fernandez-Busquets X, Ventura S
Biochimica et Bhiophysica Acta, Oct 2008,783(10):1815-1825

7. The in vivo and in vitro aggregation properties of globular proteins correlate with their
conformational stability: the SH3 case
Espargaro A, Castillo V, de Groot NS, Ventura S
Journal Molecular Biology, May 2008,;378(5):1116-1131

8. Study and selection of in vivo protein interactions by coupling biomolecular fluorescence
complementation and flow cytometry
Morell M, Espargaro A, Aviles FX, Ventura S
Nature Protocols, 2008;3(1):22-33

9. Detection of transient protein-protein interactions by bimolecular fluorescence
complementation: the Abl-SH3 case
Morell M, Espargard A, Aviles FX, Ventura S
Proteomics, Apr 2008;7(7):1023-1036



ABREVIACIONES

A Armstrong

AFM Microscopia de fuerza atdomica

CcD Dicroismo Circular

CID Enfermedad de Creutzfeldt-Jakob

CR Rojo Congo

FT-IR Espectroscopia infrarroja con transformada de Fourier
HS Hot spot

Hsp Proteinas de choque térmico

IAPP Péptido amiloide de los islotes

IB Cuerpo de inclusion

IDPs Proteinas intrinsecamente desestructuradas
MRNA Acido ribonucleico mensajero

MS Espectrometria de masas

NMR Resonancia magnética nuclear

PK Proteinasa K

PrP Proteina pridnica

Prp° Proteina pridnica celular

Prp>° Proteina pridnica Scarpie (Infecciosa)
ssNMR Resonancia magnética nuclear en estado solido
TEM Microscopia electrénica de transmision
Th-S Tioflavina S

Th-T Tioflavina T

TSEs Encefalopatias espongiformes transmisibles






Resumen

RESUMEN

Durante los ultimos afios la agregacidon proteica se ha convertido en un tema de
elevada importancia en biologia, biotecnologia y medicina. Un nimero creciente de evidencias
demuestran fehacientemente que el mal plegamiento de proteinas y su agregacién, muchas
veces en forma de fibras amiloides, conlleva la formacién de depdsitos celulares insolubles que
son los responsables finales de un creciente nimero de enfermedades humanas. Este tipo de
enfermedades, agrupadas bajo el concepto de enfermedades conformacionales, engloban una
gran diversidad de afecciones tanto neurodegenerativas como sistémicas de las que cabria
destacar enfermedades con una gran relevancia socioecondmica como pueden ser la
enfermedad de Alzheimer, Parkinson, Huntington o la diabetes tipo Il entre otras.

La produccién recombinante en células bacterianas de las proteinas implicadas en este
tipo de enfermedades da lugar, muchas veces, a la formaciéon de agregados proteicos,
denominados cuerpos de inclusion (IBs), que obstaculizan la obtencidn de éstas en su forma
nativa. Aungue inicialmente se creyd que estos IBs eran simplemente agregados de proteinas
plegadas de forma amorfa a causa de interacciones basicamente hidrofébicas, recientes
estudios han demostrado que éstos estdn compuestos mayoritariamente por proteinas
recombinantes producidas que agregan adquiriendo conformaciones amiloides similares a las
obtenidas en humanos. Este hecho hace que el estudio de estos IBs bacterianos pueda ser de
vital importancia para la comprension de las enfermedades conformacionales en humanos.

Esta tesis esta centrada en el estudio de los procesos de agregacion proteica y en la
caracterizacion de los agregados formados tanto in vitro como in vivo utilizando como modelo
varias proteinas y péptidos sin ningun tipo de homologia secuencial ni estructural en un
intento de abarcar un amplio abanico conformacional que ilustre el universo conformacional
de las proteinas.

Son muchos los factores, tanto intrinsecos como extrinsecos a la cadena polipeptidica,
que pueden influir en el proceso de formacion de fibras amiloides in vitro. El estudio de la
influencia de estos determinantes nos permite conocer las interacciones que dirigen la
deposicidn proteica y proponer posibles mecanismos de agregacion. Los resultados obtenidos
nos han permitido estudiar en detalle el efecto que tienen algunos de estos factores esenciales
sobre la agregacidn proteica, y como su efecto puede variar dependiendo de las caracteristicas
conformacionales de las proteinas. El estudio del efecto de estos determinantes nos ha

permitido obtener informacién sobre las interacciones moleculares que dirigen la formacién
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de las fibras amiloides y de los posibles mecanismos que pueden seguir las proteinas,
inicialmente solubles, para adquirir la estructura comun en hoja B altamente ordenada.

Puesto que las células procariotas se han convertido en sistemas sencillos pero
fisiolégicamente relevantes para el estudio de la formacién de estos agregados, la segunda
parte de esta tesis se ha centrado en el estudio biofisico in vivo de los agregados formados en
el interior celular utilizando células procariotas como modelo. Los resultados obtenidos
demuestran que las proteinas presentes en IBs bacterianos muestran estructuras amiloides
comparables a las obtenidas tanto in vitro como en organismos eucariotas, y que los factores

estudiados in vitro también pueden afectar, de forma similar, a la formacién amiloide in vivo.
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INTRODUCCION

DE LA SECUENCIA A LA ESTRUCTURA: PLEGAMIENTO PROTEICO

Las proteinas, elementos esenciales para la vida de los organismos, actian como
piezas estructurales y son la maquinaria que ejecuta las funciones celulares. Su extraordinaria
diversidad y versatilidad funcional viene determinada por el gran nimero de conformaciones
que pueden adquirir.

Las proteinas son cadenas polipeptidicas sintetizadas en los ribosomas siguiendo las
instrucciones genéticas codificadas en los mMRNA y formadas por la unién, mediante enlaces
peptidicos, de unidades repetitivas llamadas aminodacidos. La distribucién de estos “bloques
estructurales” dentro de la cadena polipeptidica se conoce como estructura primaria y
determina no tan solo la estructura funcional de la proteina sino también el camino que debe
seguir para adquirirla (Baker 2000).

El plegamiento proteico es el proceso por el cual una cadena polipeptidica, en
condiciones fisioldgicas, adquiere la estructura nativa tridimensional. Tal y como fue
observado por Levinthal en 1968, si la adquisicion de la estructura nativa se basara en una
busqueda aleatoria entre el nimero total de posibles conformaciones, el tiempo que
necesitaria seria astrondmico; sin embargo, paraddjicamente, las proteinas pueden plegar en
segundos (Levinthal 1968; Zwanzig, Szabo et al. 1992). Asi pues, el plegamiento de una
proteina debe seguir vias cinéticas preferenciales donde las interacciones nativas sean mucho
mas estables y persistentes que las no nativas, facilitando la obtencién de la estructura de
minima energia. Estas vias preferenciales limitan el chequeo a un nimero minimo de posibles
conformaciones favoreciendo el paso del estado desplegado a la estructura nativa (Wolynes,
Onuchic et al. 1995; Dinner, Sali et al. 2000; Dobson 2003).Durante el proceso de plegamiento
tienen lugar una serie de interacciones intramoleculares entre los diferentes aminodcidos que
forman la cadena polipeptidica para dar lugar a la formacién de la estructura secundaria.
Segln las caracteristicas quimicas de las cadenas laterales cada aminoacido presenta una
tendencia determinada a participar en las diferentes interacciones posibles, dirigiendo de esta
manera la estructura que debe adoptar la cadena polipeptidica (Creighton 1993). Existen varias
estructuras secundarias, desde estructuras regulares como hélices a y hojas o giros B, a
estructuras irregulares desestructuradas. La combinacidn espacial de estos elementos
estructurales da lugar a la estructura terciaria o también conocida como estado nativo. Las

interacciones que mantienen esta conformacidon nativa permiten sutiles fluctuaciones
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conformacionales, necesarias para que las proteinas puedan realizar sus funciones biolégicas
(Dobson 2003). En algunos casos, diversas estructuras terciarias pueden ensamblarse entre si
mediante interacciones intermoleculares dando lugar a la formaciéon de complejos proteicos.
Estos complejos, formados por unidades de una misma o diferentes proteinas, forman las

estructuras conocidas como cuaternarias (Figura 1).

Estructura primaria Estructura cuaternaria

Estructura secundaria Estructura terclaria

Hoja Hélice a

Figura 1. Representacién de los

u
h Y

diferentes niveles estructurales
que puede adquirir una cadena
polipeptidica. Figura adaptada de
(www.umass.edu/molvis/worksh

jid

Espacio conformacional

op/imgs/protein-structure2.png)

Para poder visualizar todo el espacio conformacional de una secuencia polipeptidica se
introdujo el concepto de mapas energéticos (Dill and Chan 1997). Estos diagramas tedricos
representan los diferentes estados de plegamiento y la multitud de vias paralelas que pueden
seguir las cadenas polipeptidicas desde su estado desplegado, pasando por estados
parcialmente plegados, hasta adquirir finalmente su configuracion nativa. Cada cadena
polipeptidica bajo unas condiciones determinadas tendrd un diagrama caracteristico. Estos
diagramas tridimensionales muchas veces se ilustran como bidimensionales para simplificar
sus representaciones (Dobson 2003).

En el caso de proteinas pequeiias, estos mapas presentan forma de embudo indicando
un plegamiento rapido y fiable hacia su estructura nativa (Figura 2) (Watters, Deka et al. 2007).
Como podemos observar en la figura 2 en la superficie se encuentran representados los
diferentes caminos que una cadena polipeptidica puede seguir hasta llegar a su estructura
nativa. El punto critico de este proceso corresponde al estado de transicién, la barrera
energética que todas las proteinas deben superar para adquirir su estado nativo. Actualmente
se considera que el paso fundamental del proceso de plegamiento es la formacién de una serie

de interacciones entre un numero reducido de residuos (figura 2 esferas amarillas) para
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formar el ntcleo de plegamiento a partir del cual el resto de la estructura colapsa rapidamente

hacia el estado nativo (Fersht 2000; Dobson 2003).

Representative starting structures

PR

Transition
state

Figura 2. Mapa energético esquematico
del plegamiento de una proteina. La

Number of
native
interactions

superficie deriva de una simulacion
computacional de un modelo altamente

simplificado del plegamiento de una
structure

proteina pequefia (Dobson 2003).

Numberof residue contacts

Proteinas intrinsecamente desestructuradas (IDPs)

Ha sido una idea ampliamente aceptada en la ciencia de las proteinas que la
adquisicion de la estructura tridimensional es un requisito fundamental para que estas realicen
su funcién bioldgica. Contrariamente, se ha ido constatando que existen muchas proteinas
funcionales total o parcialmente desplegadas en las que el hecho de no presentar ninguna
estructura tridimensional definida es esencial para que puedan realizar sus funciones (Brown,
Takayama et al. 2002). En la actualidad, hay irrefutables evidencias de que los estados
desestructurados, comunes en todos los organismos vivos, son esenciales para funciones
celulares basicas (Dunker, Silman et al. 2008).

La presencia de proteinas desordenadas es comun en los tres reinos, tanto en
eubacterias, arqueobacterias como en organismos multicelulares. Asi, mas del 25% de las
proteinas de los genomas de eucariotas contienen regiones desordenadas de unos 50
aminodcidos aproximadamente las cuales evolucionan mas rapidamente que las secuencias

ordenadas (Brown, Takayama et al. 2002; Dunker, Silman et al. 2008).

AGREGACION PROTEICA Y ENFERMEDADES HUMANAS

El citoplasma de una célula es un entorno altamente “poblado”, donde Ia
concentracién total de macromoléculas puede superar los 400 mg-mL™. Este hecho implica que
entre el 5% y el 40% del volumen celular total se encuentra fisicamente ocupado por

macromoléculas (Ellis and Minton 2003). En este entorno, in vivo, se podria decir que el
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plegamiento de proteinas es un reto extraordinario, donde las colisiones constantes entre
moléculas, la elevada concentracién proteica y el delicado equilibrio entre expresion y
plegamiento deben ser considerados (Jahn and Radford 2008).

Las células han desarrollado estrategias para que el proceso de plegamiento de una
proteina culmine en la formacién de su estructura nativa funcional. Este es el caso de las
chaperonas moleculares, proteinas presentes en todas las células y compartimentos celulares,
que asisten el correcto plegamiento de las proteinas (Dobson 2003; Sabate, de Groot et al.
2010). En ciertas ocasiones, cuando todos estos esfuerzos no son suficientes, pueden
producirse errores durante el proceso de plegamiento que pueden culminar en la formacion
de agregados proteicos. Morfolégicamente estos agregados pueden presentar distintas
conformaciones desde estructuras amorfas a agregados altamente organizados llamados
amiloides.

Los agregados amorfos, que presentan una apariencia granular al ser observados
mediante microscopia electréonica, estan mayoritariamente formados por cadenas
polipeptidicas desordenadas aunque también pueden presentar estructuras ricas en hoja B
(Morell, Bravo et al. 2008; Wang, Maji et al. 2008). Por el contrario, las fibras amiloides son
agregados proteicos en forma de filamentos que presentan estructuras altamente ordenadas y
repetitivas con un nucleo comun formado por hojas B orientados perpendicularmente al eje de
la fibra formando una estructura conocida como B-cruzada. Estas estructuras fibrilares, con
didmetros alrededor de 10 nm y longitudes desde nandmetros a varios micrometros, pueden
estar formadas por un filamento individual aunque a menudo son la asociacién de multiples
filamentos girando, como si de una cuerda se tratara, en torno al eje de la fibra (Carulla, Caddy
et al. 2005; Chiti and Dobson 2006; Kodali and Wetzel 2007).

Son muchas las técnicas analiticas utilizadas en la deteccién y en la caracterizacion
estructural de estos depdsitos fibrilares. Entre ellas se encuentra la tincién con colorantes
especificos como las tioflavinas Sy T (Th-S y Th-T) las cuales experimentan un cambio en su
espectro de fluorescencia en presencia de amiloides y el Rojo Congo (CR) que sufre un
desplazamiento batocrémico en su espectro con posible birrefringencia. Por otro lado, la
identificacion directa de la morfologia de las fibras es posible mediante varias técnicas como la
microscopia electrénica de transmisién (TEM) y mds recientemente por microscopia de fuerza
atémica (AFM) (Serpell, Sunde et al. 2000; Chiti and Dobson 2006), y la estructura secundaria a
través del incremento del minimo observado a ~217 nm (caracteristico de una estructura
secundaria en hoja B) mediante dicroismo circular (CD), por el incremento/aparicién de la
banda B-intermolecular a ~1628 cm™ mediante espectroscopia infrarroja con transformada de

Fourier (FT-IR) o la deteccién de B-cruzada con reflexiones a 4.7 Ay 10 A por difraccién de

10
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rayos X (Sunde, Serpell et al. 1997). Muchas veces estos estudios son complementados con
otras técnicas como la protedlisis limitada que permite determinar regiones B, la
espectrometria de masas (MS) o mediante el intercambio hidrégeno/deuterio (H/D) (Tycko
2006; Kodali and Wetzel 2007; Sabate, Baxa et al. 2007; Sawaya, Sambashivan et al. 2007,
Wasmer, Lange et al. 2008; Tycko 2011) (Figura 3).
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Figura 3: Métodos de identificacion de fibras amiloides. A) Patron de difraccién de rayos X de las fibras
formadas por el péptido amiloide de los islotes (IAPP) (Makin, Atkins et al. 2005). B) Imagenes obtenidas
por TEM de fibras amiloides formadas por el prion HET-s (Sabate, Baxa et al. 2007). C) Dicroismo circular
en el UV lejano de fibras formadas por un dominio SH3. Adaptado de (Espargaro, Castillo et al. 2008). D)
Imagenes obtenidas por AFM de fibras formadas por IAPP. E) Representacion de la segunda derivada del
espectro obtenido mediante FT-IR. F) Aumento de la fluorescencia intrinseca de Th-T en presencia de
fibras amiloides. G) Cambio del espectro de absorcion del CR al unirse a fibras amiloides. En E), F) y G)
las diferentes lineas son los valores obtenidos por fibras de HET-s formadas a diferentes pHs (Sabate,
Baxa et al. 2007).
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Aunque las estructuras amiloides no pueden ser resueltas por los sistemas clasicos de
andlisis de proteinas (Thompson 2003), en la actualidad la resolucion a nivel atomico de la
estructura de las fibras amiloides ha sido posible gracias a técnicas como la cristalografia de
rayos X y la resonancia magnética nuclear en estado sélido (ssNMR) (Petkova, Buntkowsky et

al. 2004; Makin, Atkins et al. 2005; Nelson, Sawaya et al. 2005; Wasmer, Lange et al. 2008).

Durante los uUltimos afios se ha puesto en evidencia la implicacién de estas estructuras
amiloides en un nimero creciente de patologias agrupadas actualmente bajo el término de
enfermedades conformacionales (Chiti and Dobson 2006). Dentro de estas patologias se
incluyen desde enfermedades tanto neurodegenerativas como sistémicas, como el Alzheimer,
el Parkinson, encefalopatias espongiformes y la diabetes tipo Il, donde la formacién de
agregados intra o extracelulares es la causa final de la enfermedad, hasta estados patoldgicos,
como la fibrosis quistica y algunos tipos de cancer, donde un problema en la eficiencia de
plegamiento puede dar lugar a una disminucién de la cantidad de proteina necesaria para
realizar su funcién (Dobson 2003; Chiti and Dobson 2006; Georgescauld, Sabate et al. 2011).
Aunque en la actualidad se conocen mas de 40 enfermedades humanas asociadas a la
formacién de estos agregados fibrilares, el hecho que este nimero esté claramente en
aumento confiere una importancia vital al estudio exhaustivo del plegamiento proteico y su

implicacion en este tipo de enfermedades (Tabla 1).

Proteina Estructura nativa Enfermedad

Péptido B amiloide Desestructurada Alzheimer

a-Sinucleina Desestructurada Parkinson

B2-microglobulina Globular (hojas B) Amiloidosis relacionada con
didlisis

Huntingtina Variable (poliGIn) Huntington

Immunoglobulina dominio V, Globular (hojas B) Amiloidosis asociada a cadenas
ligeras

Polipéptido amiloide de los Desestructurada Diabetes tipo Il

islotes

Lisozima Globular (hélices a, hojas B) Amiloidosis sistémica
hereditaria

Proteina pridnica Globular (hélices a, hojas B) Creutzfeldt-Jakob

Transtirretina Globular (hojas B) Amiloidosis sistémica senil

Tabla 1. Principales proteinas relacionadas con la formacion de fibras amiloides implicadas en
enfermedades humanas. Figura adaptada de (Bhak, Choe et al. 2009).

12
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La gran diversidad de proteinas implicadas en estas patologias y la gran variedad
estructural que presentan (desde péptidos nativamente desestructurados, proteinas con una
extensa estructura en hélice a 0 con una estructura total o parcial en hoja B hasta proteinas
con ambas conformaciones, tanto hélices a como hojas B) junto con el hecho de que estas
estructuras no se limitan Unicamente a proteinas asociadas con los trastornos clinicos
conocidos, sino que también pueden ser estructuras funcionales, sugiere que la formacién de
amiloides podria ser un proceso genérico en el universo proteico. Ya en los aifos 30 se observo
gue muchas proteinas podian existir en dos estados diferentes: La estructura globular nativa y
una forma fibrilar producida en condiciones de temperatura y pH extremos. La observacion a
lo largo de los afios de la existencia de estos dos estados para muchas proteinas, sugiere que
cualquier proteina en determinadas condiciones podria formar fibras amiloides (Chiti, Webster

et al. 1999; Dobson 2001; Dobson 2002; Fandrich and Dobson 2002).

Mecanismo de formacion de los agregados amiloides

Durante el proceso de sintesis, y antes de adquirir su estructura nativa, las cadenas
polipeptidicas pueden pasar por multitud de estados parcialmente desplegados que pueden
escaparse de la via de plegamiento (Jahn and Radford 2008). Desafortunadamente, los
principios fisicoquimicos que facilitan la formacién de enlaces intra e intermoleculares
esenciales en las estructuras terciarias y cuaternarias también pueden participar en enlaces no
nativos dando lugar a vias de plegamiento alternativas que pueden finalizar en la formacién de

agregados proteicos (Figura 4) (Castillo and Ventura 2009; Pastore and Temussi 2012).
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Estas interacciones no nativas, capaces de desencadenar la agregacidon proteica,
pueden conllevar nuevos minimos energéticos, menos definidos, constituidos por un amplio
rango de estados oligoméricos que pueden derivar en minimos energéticos mas definidos,
correspondientes a estructuras altamente organizadas como las protofibrillas o fibrillas. La
energia minima de las fibras amiloides maduras normalmente es menor que la del estado
nativo, haciendo de éstas estructuras altamente estables (Wetzel 2006).

Independientemente de la estructura inicial de cada proteina implicada, todas las
fibras amiloides presentan un patrén estructural comun. Esto implica que las proteinas deben
sufrir un desplegamiento total o parcial de su estructura nativa, permitiendo asi la exposicién
de regiones determinadas que favorecen la reorganizacidon estructural y la formacién de
nuevas interacciones que finalizaran en la formacién de agregados proteicos (Chiti, Webster et
al. 1999). En el caso de proteinas con estructura cuaternaria en condiciones nativas, la
formacién de agregados proteicos suele producirse previa disociacién de las diferentes
unidades proteicas (mondmeros) que forman la proteina nativa (Azevedo, Pereira et al. 2011).
No obstante, cabe resaltar que los péptidos o proteinas con capacidad agregacional no tienen
porque poseer una estructura globular definida. En el caso de enfermedades como la diabetes
tipo Il, el Alzheimer o el Parkinson las proteinas involucradas son intrinsecamente
desestructuradas (IDP). En estos casos el proceso de agregacion viene determinado por el
auto-ensamblaje directo de las conformaciones nativas (Chiti, Webster et al. 1999). Asi pues, el
enorme abanico de proteinas que pueden agregar formando estructuras amiloides y su gran
diversidad estructural implica la existencia de diversos mecanismos de ensamblaje, desde
proteinas totalmente o parcialmente desnaturalizadas (Ferguson, Becker et al. 2006), hasta

proteinas en su estado nativo (Figura 5) (Plakoutsi, Bemporad et al. 2005).
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En las ultimas décadas se han propuesto diferentes modelos para explicar las cinéticas
de formacién amiloide (Serio, Cashikar et al. 2000). Sin embargo, actualmente esta
ampliamente consensuado que la fibrilogénesis sigue un mecanismo de nucleacién-
polimerizacidn, que es dependiente de la concentracidén y el tiempo (Jarrett and Lansbury
1993; Harper and Lansbury 1997; Lomakin, Teplow et al. 1997; Chiti and Dobson 2006; Bhak,
Choe et al. 2009). Este mecanismo consta de tres fases: 1) En la primera fase, conocida como
fase de latencia o de nucleacién, las especies solubles se asocian para formar las primeras
especies con conformacién en hoja B que actuaran como nucleo de la reaccién en un proceso
termodinamicamente desfavorable. Este proceso estd gobernado por multiples equilibrios
entre posibles especies solubles, desde estructuras monoméricas a estructuras formadas por
un nimero n de mondmeros o “micelas” que actian como reservorios de mondmeros (Yong,
Lomakin et al. 2002; Sabate and Estelrich 2005; Bernstein, Dupuis et al. 2009; Jin, Shepardson
et al. 2011). 2) La segunda fase, denominada fase exponencial o fase de crecimiento, es una
fase termodinamicamente favorable en la que el nlcleo crece rapidamente mediante la
adiciéon de las especies solubles para formar las fibras. En esta fase, pueden encontrarse una
gran diversidad de especies multiméricas, desde protofibrillas a fibras, interrelacionadas en
multiples equilibrios. 3) Finalmente, en la fase estacionaria, donde practicamente se han
agotado las reservas de especies solubles susceptibles de ser asociadas a las fibras, los
agregados fibrilares ordenados pueden mantenerse en equilibrio con la pequefia (a veces
infima) cantidad de especies solubles. La drastica reduccién de la adiciéon de nuevos
mondmeros a las fibrillas formadas junto con el incremento de contactos interfibrilares
favorecen la maduracién de las fibras mediante la asociacién de las fibrillas ya formadas
(Figura 5) (Jarrett and Lansbury 1993; Bhak, Choe et al. 2009).

En ausencia de fibras o nucleos preformados, este proceso cinético de conversién de
péptidos y/o proteinas a estructuras amiloides suele verse como una reaccién sigmoidea
controlada por dos pardmetros cinéticos, la velocidad de nucleacién y la velocidad de
elongacion o crecimiento (Jarrett and Lansbury 1993; Lomakin, Teplow et al. 1997,
Munishkina, Henriques et al. 2004). Aunque diversos modelos pueden explicar este tipo de
reacciones (Pallitto and Murphy 2001; Cohen, Vendruscolo et al. 2011; Cohen, Vendruscolo et
al. 2011; Cohen, Vendruscolo et al. 2011), el hecho que el proceso precise de la formacion de
un nucleo a través del cual empezard a crecer la fibra sugiere que la agregacidn podria ser
explicada por un modelo de reaccidn autocatalitica. Mediante esta aproximacion podemos
estudiar la formacidn de fibras de manera simple mediante un andlisis matematico el cual nos
permite obtener informacion sobre los parametros cinéticos de la reaccion (Sabate, Gallardo

et al. 2003).
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A pesar de que inicialmente las fibras maduras fueron consideradas como estructuras
rigidas representando el punto final del proceso de agregacidn, estudios recientes han
demostrado que son estructuras dinamicas que sufren continuamente un reciclaje molecular
mediante un proceso de asociacién y disociacion dentro de la propia fibra (Carulla, Caddy et al.
2005) y pueden experimentar fragmentaciones (Tanaka, Collins et al. 2006). Este ultimo
fendmeno tiene un gran impacto en las cinéticas de ensamblaje ya que la ruptura de las fibras
preformadas da lugar a la formacién de nuevos nlcleos de crecimiento acelerando de esta
manera la reaccidn de polimerizacion a causa de esta nucleacién secundaria (Knowles,
Waudby et al. 2009). Este incremento de pequefas particulas fibrilares no Unicamente afecta
las cinéticas de agregacion sino que, como se ha demostrado recientemente, puede existir una
relacidn directa entre la tasa de fragmentacién y la toxicidad debido a la capacidad de estas
particulas por interaccionar con las membranas celulares (Xue, Hellewell et al. 2010). En el
caso de proteinas pridnicas ha sido demostrado que un incremento en la fragmentacién
produce un aumento en el nUmero de eventos de nucleacidn que aumentan drasticamente la
capacidad prion (Tanaka, Collins et al. 2006). Independientemente de la fragmentacidn,
existen otros aspectos capaces de afectar la fase de crecimiento fibrilar dando lugar a
reacciones secundarias de nucleacion. Estas nuevas etapas de nucleacidon pueden venir
determinadas por la presencia de superficies naturales, como membranas celulares, o
artificiales capaces de promover la agregacion (Zhu, Souillac et al. 2002) y la capacidad de
formar nuevas fibras mediante ramificaciones de las ya existentes, asi como el crecimiento en

la superficie de fibras ya formadas (Harper, Lieber et al. 1997; Andersen, Yagi et al. 2009).

Seeding y especificidad secuencial

En los procesos de agregaciéon amiloide, la formacién del nucleo, proceso
termodinamicamente desfavorable, requiere un tiempo que puede ser reducido o incluso
eliminado mediante la adicién de agregados preformados, seeds, los cuales actian como
nucleos induciendo la agregacién inmediatamente en un proceso conocido como seeding
(Figura 6).

La formacién de fibras amiloides es un proceso altamente especifico que tiene lugar
entre cadenas polipeptidicas idénticas o con una muy elevada homologia. Estudios
experimentales han mostrado que a medida que se reduce la identidad secuencial entre
proteina soluble y agregada en forma amiloide también se disminuye la eficiencia de la
reaccion o seeding (Krebs, Morozova-Roche et al. 2004). Esta especificidad concuerda con el

hecho que los depdsitos proteicos relacionados con patologias conformacionales estan
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principalmente compuestos de una Unica proteina, la proteina implicada en la patologia, en

lugar de encontrar diferentes cadenas polipeptidicas (Dobson 2001).

Saturation (kack of monomers) Figura 6. Representacién de una cinética
de formacion de fibras amiloides. La linea
continua representa la curva sigmoidea
que se obtiene con las tres fases
representadas: la fase de nucleacién o fase
de latencia, la fase de elongacion y por
ultimo el equilibrio. La linea discontinua
muestra el efecto de la presencia de
agregados amiloides preformados,

Amount of Aggregate

mostrando la eliminacién de la fase de
nucleacién y la formacion de fibras de

manera inmediata (Sabate, Gallardo et al.
Time 2003).

Especies intermediarias durante la formacion de fibras amiloides

Durante el proceso de formacion de fibras amiloides se han podido identificar y
caracterizar diferentes estructuras intermediarias (Walsh, Lomakin et al. 1997; Lashuel, Hartley
et al. 2002). Inicialmente, la toxicidad asociada al proceso de formacion de fibras amiloides fue
atribuida a las fibras maduras. No obstante, la informacion obtenida durante los ultimos afos
indica que las fibras maduras son especies bioldgicas relativamente inertes y muy estables
mientras que especies intermediarias, como los oligdmeros o las protofibrillas, podrian ser las
causantes del efecto citotdxico (Bucciantini, Giannoni et al. 2002; Kodali and Wetzel 2007,
Uversky 2010; Bieschke, Herbst et al. 2011). Los oligdmeros pueden ser definidos como
especies de discreto tamafio, relativamente flexibles y muchas veces esferoides, que
mantienen las caracteristicas principales de los amiloides (Kodali and Wetzel 2007; Uversky
2010). Su caracterizacion durante el proceso de agregacién de a-sinucleina mediante FT-IR, CD
y unién de Th-T ha permitido determinar que son estructuras compactas y ordenadas en hoja
B, con regiones hidrofébicas expuestas al solvente (Kaylor, Bodner et al. 2005; Dusa, Kaylor et
al. 2006). Existen varios mecanismos de citotoxicidad posibles relacionados con la deposicion
proteica. Debido a sus propiedades intrinsecas y a sus caracteristicas estructurales, los
oligdmeros pueden interaccionar con las membranas celulares formando poros que pueden
alterar el flujo de iones afectando la homeostasis y finalmente provocando disfuncion celular y
posible apoptosis o muerte celular (Lashuel, Hartley et al. 2002; Uversky 2010; van Rooijen,
Claessens et al. 2010). Alternativamente, se ha propuesto otro posible mecanismo donde los
oligdmeros interaccionan con receptores de membrana provocando errores en la sefializacién

intracelular (Uversky 2010).
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ELEMENTOS DETERMINANTES DE LA AGREGACION PROTEICA

Tal y como se ha comentado anteriormente en la mayoria de casos el proceso de
agregacion requiere la desestabilizacion de la estructura nativa, pudiendo asi decir que la
tendencia a formar estructuras amiloides esta altamente relacionada con la estabilidad del
estado nativo (Hurle, Helms et al. 1994; Espargaro, Castillo et al. 2008). Sin embargo, la
estabilidad proteica no es suficiente para explicar la agregacién de las proteinas globulares y
mucho menos la agregacidn de los péptidos y proteinas que no poseen ninguna estructura
nativa determinada.

Los determinantes de la agregacién son muchos y variados ya que estos engloban
propiedades intrinsecas de la cadena polipeptidica, basadas en las diferentes propiedades
fisicoquimicas de los aminodcidos que la forman, y las caracteristicas del entorno en el que se

encuentra el péptido o proteina en cuestion.

Propiedades intrinsecas

Los principales factores intrinsecos de una cadena polipeptidica estan basados en
factores como la carga, la hidrofobicidad, los patrones de residuos polares y apolares, y la
tendencia a pasar de estructuras en hélice a a hojas B de cada uno de los aminoacidos que la
forman (Chiti, Stefani et al. 2003; DuBay, Pawar et al. 2004; de Groot, Aviles et al. 2006).

Uno de los efectos mas importantes involucrado en el plegamiento de proteinas es el
colapso hidrofdébico donde los residuos apolares son enterrados en el interior de la estructura
nativa generando el nucleo hidrofébico (Chiti, Stefani et al. 2003; Dyson, Wright et al. 2006).
Las interacciones hidrofébicas juegan un papel crucial, no Unicamente en la adquisicién del
estado nativo de proteinas globulares sino también en la formacién de las fibras amiloides
(Bolognesi, Kumita et al. 2010). La desestabilizacion total o parcial de proteinas globulares
puede dejar expuestos estos residuos hidrofdbicos favoreciendo la formacidon de interacciones
intermoleculares y su posible agregacion. En concordancia, se ha podido observar que un
aumento en la hidrofobicidad se traduce en un incremento de la agregacion (Chiti, Taddei et
al. 2002; Calamai, Taddei et al. 2003).

Otra caracteristica importante es la alternancia de residuos hidrofébicos y hidrofilicos
que puede favorecer la formacién de hojas B altamente empaquetadas. En este sentido, se ha
observado que al disefiar secuencias de novo donde se alternaban residuos polares (Lys, His
Glu, GIn, Asp y Asn) con residuos no polares (Met, Leu, lle, Val y Phe) éstas forman fibras con
gran facilidad disponiendo los residuos hidrofébicos protegidos en el interior y los hidrofilicos

expuestos en el exterior de las fibras (West, Wang et al. 1999; Wang and Hecht 2002).
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Otro factor que influye en la agregacion es la carga. Se ha observado que la tasa de
agregacion de una cadena polipeptidica es inversamente proporcional al valor absoluto de la
carga neta, de esta manera mutaciones que disminuyen la carga neta de la proteina
acercandola a la neutralidad favorecen su agregacion. Este factor se puede explicar de manera
simple teniendo en cuenta que si incrementamos la repulsion electroestatica entre distintas
moléculas desfavoreceremos el auto-ensamblaje (Chiti, Taddei et al. 2002; DuBay, Pawar et al.

2004).

Propiedades extrinsecas

Muchos de los factores comentados anteriormente pueden verse alterados por
cambios en el entorno proteico. Variaciones de pH, temperatura, fuerza iénica o concentracién
de la proteina pueden afectar drasticamente el plegamiento o agregacién de las proteinas. Por
ejemplo, cambios en el pH del medio pueden producir variaciones en la carga neta de las
proteinas aumentando o disminuyendo su tendencia a agregar (Uversky, Li et al. 2001), o el
aumento de temperatura puede favorecer la desestabilizacién de la estructura nativa dando
lugar a la aparicién de estados parcialmente desplegados que permiten la exposicion al
solvente de regiones hidrofébicas anteriormente protegidas (Nielsen, Khurana et al. 2001).

Estas variaciones no afectan solamente al plegamiento de proteinas sino que también
pueden alterar el proceso de agregacion y formacion amiloide tanto cinética, termodinamica
como estructuralmente (Lopez De La Paz, Goldie et al. 2002; Kumar, Mohanty et al. 2007). Por
ejemplo, el aumento de la concentracién y la temperatura puede favorecer la formacién de
fibras amiloides; tanto la temperatura como el incremento en la concentracién de proteina
incrementan el nUmero de contactos entre moléculas acelerando el proceso de nucleacidn
(paso limitante en la formacién de fibras amiloides) y por tanto reduciendo la fase de latencia
(Nielsen, Khurana et al. 2001).

Aunque, como se ha expuesto anteriormente, las interacciones hidrofébicas son muy
importantes en la formacién de fibras amiloides, también las interacciones electroestaticas
juegan un papel importante en estos procesos de agregacién (Nielsen, Khurana et al. 2001). Asi
pues, parametros como el pH y la fuerza idnica también pueden influir en este tipo de
procesos interfiriendo en la estabilidad de las distintas conformaciones. Por ejemplo, un
aumento de la fuerza idnica puede traducirse en la disminucion del tiempo necesario para la
formacién del nucleo debido a la reduccion de las repulsiones entre las cargas de las cadenas
laterales aminoacidicas entre mondmeros (Nielsen, Khurana et al. 2001). Estudios realizados
con la proteina pridnica HET-s y el péptido B amiloide han mostrado que cambios en el pH y/o

la fuerza idnica dan lugar a variaciones en las interacciones que estabilizan estructuras
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determinadas dando lugar a la obtencién de nuevas conformaciones (Petkova, Buntkowsky et
al. 2004; Sabate, Baxa et al. 2007). Estas variaciones morfoldgicas pueden ser debidas a
factores como la repulsién entre cadenas laterales cargadas, la disrupcién o formacion de
puentes salinos y/o la destruccién de interacciones para dar lugar a la formacion de otras

nuevas.

Regiones determinantes de la agregacion

Aunque gran parte de la secuencia de una proteina esté implicada en la formacion de
las estructuras fibrilares, hay evidencias claras de que algunas secuencias cortas de
aminodcidos tienen mas tendencia a agregar que otras (Lopez de la Paz and Serrano 2004,
Sanchez de Groot, Pallares et al. 2005). Resultados experimentales han demostrado la
existencia de regiones formadas por un nimero reducido de aminodacidos que pueden actuar
tanto como inductores (lvanova, Sawaya et al. 2004; Ventura, Zurdo et al. 2004; Esteras-
Chopo, Serrano et al. 2005) como inhibidores (Buell, Tartaglia et al. 2009) de la agregacion.
Estas cortas secuencias capaces de conducir la agregacion de largas cadenas polipeptidicas se
conocen como Hot Spots (HSs). La composicion de estos HSs es rica en residuos hidrofdbicos
alifaticos (Val, Leu y lle) y en residuos aromaticos (Phe, Trp y Tyr) (Rousseau, Serrano et al.
2006; Monsellier, Ramazzotti et al. 2008). Normalmente estos HSs se encuentran flanqueados
por residuos especificos que tienen la funcién de contrarrestar la alta tendencia a agregar
aumentando la eficiencia de plegado. Estas regiones, denominadas gatekeepers, que
flanquean los HSs, son ricas en residuos cargados (Asp, Glu, Lys y Arg) y también en Pro
(Rousseau, Serrano et al. 2006; Monsellier, Ramazzotti et al. 2008). En proteinas globulares,
estas regiones de agregacién se encuentran normalmente enterradas en el interior de la
estructura nativa formando parte del nucleo hidrofdbico, envueltas en la red de contactos que
estabilizan la estructura nativa o formando parte de la superficie de interaccién entre
proteinas dando lugar a la estructura cuaternaria (Vendruscolo, Paci et al. 2003; Castillo and
Ventura 2009).

Gracias a todo el conocimiento acumulado sobre la estructura de las fibras amiloides y
las fuerzas que promueven y estabilizan su formacién se han desarrollado diferentes
algoritmos capaces de identificar las secuencias amiloidogénicas de una proteina y predecir la
tendencia a agregar de ésta (Castillo, Grana-Montes et al. 2011). Hoy en dia existen
aproximadamente 14 programas de prediccién de zonas de agregacién que podriamos dividir
en dos categorias principales: los modelos empiricos y los modelos basados en la estructura

(Belli, Ramazzotti et al. 2011).
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Los modelos empiricos estan basados en resultados experimentales donde las
predicciones vienen determinadas principalmente por las propiedades fisicoquimicas de los
aminodcidos, como por ejemplo hidrofobicidad, carga, tendencia a formar estructuras B y
solubilidad (Belli, Ramazzotti et al. 2011). Dentro de este grupo se encuentran diferentes
algoritmos como TANGO (Fernandez-Escamilla, Rousseau et al. 2004) y su actualizacion WALTZ
(Maurer-Stroh, Debulpaep et al. 2010), AGGRESCAN (Conchillo-Sole, de Groot et al. 2007) o
Zyggregator (Tartaglia and Vendruscolo 2008). Por otro lado, los modelos basados en la
estructura tratan de identificar los factores determinantes de la agregacion mediante la
observacion de las estructuras en 3D existentes de los diferentes péptidos que adoptan
estructura fibrilar (Belli, Ramazzotti et al. 2011). En este grupo encontramos programas como
PASTA (Trovato, Chiti et al. 2006), BETASCAN (Bryan, Menke et al. 2009) o Zipper DB (Nelson,
Sawaya et al. 2005).

ESTRUCTURAS AMILOIDES FUNCIONALES

Clasicamente, los amiloides han sido considerados como estructuras cuaternarias
formadas como respuesta a un error durante el proceso de plegamiento de las proteinas. El
gran numero de proteinas capaces de adquirir esta estructura cuaternaria parece sugerir que
estas estructuras pueden venir determinadas por propiedades intrinsecas de las cadenas
polipeptidicas (Dobson 2003). Asi pues, no es de extrafiar que la naturaleza emplee estas
conformaciones para propédsitos funcionales en una gran variedad de organismos, desde
bacterias a humanos (Kelly and Balch 2003). Debido a sus propiedades estructurales, su gran
compactacién y su elevada resistencia, los amiloides son considerados como un excelente
material para construir estructuras bioldgicas (Fowler, Koulov et al. 2007).

Dentro de estos amiloides estructurales encontramos algunos muy bien caracterizados
como el caso de la proteina Curli, empleada por bacterias como Escherichia coli como amiloide
extracelular creando una matriz proteica que permite la adhesidn, la colonizacién de
superficies inertes y la unidn a proteinas del huésped (Chapman, Robinson et al. 2002). Otro
ejemplo son las proteinas Chaplin producidas por la bacteria Streptomyces coelicolor que
revisten las hifas de la bacteria permitiendo de esta manera la dispersion de las esporas para
dar lugar a la colonizacion (Claessen, Rink et al. 2003).

También se han encontrado amiloides funcionales en animales, que son utilizados para
realizar funciones bioldgicas especificas y especializadas, siempre bajo condiciones altamente
reguladas (Chiti and Dobson 2006). En este sentido, uno de los descubrimientos, sin duda, mas

sorprendentes fue el descubrimiento de la proteina Pmel17 en humanos. Esta proteina da
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lugar a la formacidn de estrias intraluminales fibrosas en el interior de los melanosomas, estos
organulos, relacionados con el lisosoma, se diferencian a melanocitos para permitir la
produccién epidérmica del pigmento melanina. Este material fibroso que permite la formacion
de los granulos de melanina muestra analogias significantes con las fibras amiloides (Berson,

Theos et al. 2003).

PRIONES

El concepto pridn, que proviene de la teoria “protein-only” fue introducido por el
Premio Nobel Stanley B. Prusiner en 1982 al descubrir que el agente infeccioso que producia la
enfermedad de scarpie en ovejas y cabras era realmente una proteina (Prusiner 1982). Asi
pues, los priones son realmente proteinas naturales, que después de una conversion
conformacional, se auto-ensamblan en estructuras amiloides ricas en hoja B auto-
perpetuandose in vivo. La idea de que una conformacién proteica pueda replicarse a si misma
y servir como elemento genético explica un conjunto de inusuales enfermedades
neurodegenerativas conocidas como encefalopatias espongiformes transmisibles (TSEs), entre
las cuales se encuentra la enfermedad de Creutzfeldt-Jakob (CJD) (Chien, Weissman et al.
2004). Estas enfermedades pueden ser genéticas, infecciosas o esporadicas. Hoy en dia las
TSEs han sido identificadas en un amplio nimero de mamiferos (Chien, Weissman et al. 2004;
Caughey and Baron 2006) y presentan un gran espectro de manifestaciones clinicas, entre ellas
se encuentra la demencia, ataxia, insomnio, paraplejia y parestesia (Prusiner 2001).

La proteina pridnica (PrP), codificada por el gen Prnp altamente conservado en
mamiferos, consta de 209 aminoacidos y se encuentra normalmente anclada en la membrana
celular (Colby and Prusiner 2011). La proteina puede encontrarse en dos conformaciones

diferentes, la forma fisioldgica normal (PrPC) y la isoforma causante de la enfermedad (PrPSC)

que actua estimulando la conversidon de PrP® a la conformacién infecciosa. Estas dos
conformaciones de PrP son idénticas en composicion pero presentan una gran diferencia en su
estructura tridimensional. Mientras que PrP® es rica en hélices a y pobre en estructura B, Prp>
posee mucha mas estructura en hoja B. Esta transicion estructural entre hélices a y hojas B en
PrP es el evento fundamental de las enfermedades pridnicas (Prusiner 2001; Chien, Weissman
et al. 2004; Caughey and Baron 2006).

Las proteinas pridnicas no son exclusivas de mamiferos (Chien, Weissman et al. 2004).
Asi, en levadura encontramos dos de los priones mas estudiados: [URE3] y [PSI']. Estos dos

priones pueden ser definidos como genes no cromosémicos de Saccharomyces cerevisiae que
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codifican para las proteinas Ure2 y Sup35 respectivamente, proporcionando un mecanismo
para la generaciéon de diversidad fenotipica y heredable, dependiendo de la conformacion que
adopten (soluble o fibrilar). Mientras que Ure2 es un regulador del catabolismo del nitrégeno,
Sup35 es una subunidad del factor terminador de la traduccidon de los mRNA; no obstante, la
forma fibrilar de ambos promueve la supervivencia en ambientes determinados y la evolucién
de nuevos fenotipos (Halfmann, Jarosz et al. 2012). El hecho de si estos priones son
perjudiciales o beneficiosos ha sido motivo de controversia, ya que [PSI'] y [URE3] raramente
se han encontrado en levaduras naturales, sugiriendo asi que podrian ser perniciosos
(McGlinchey, Kryndushkin et al. 2011; Wickner, Edskes et al. 2011); sin embargo, estudios
recientes han permitido localizar estos priones en la naturaleza mostrando la posibilidad que
podrian ser beneficiosos (Halfmann, Jarosz et al. 2012). Uno de los priones mejor
caracterizados es el prion [Het-s] del hongo filamentoso Podospora anserina. Este prion actua
como sistema de proteccidn natural y estd involucrado en el control de la muerte celular
programada llamada incompatibilidad heterocaridén, controlada genéticamente (Coustou,
Deleu et al. 1997; Maddelein, Dos Reis et al. 2002). Cuando las hifas de colonias adyacentes se
encuentran, estas pueden fusionarse y compartir el contenido celular (nutrientes y citoplasma)
generando células multinucleadas, llamadas heterocaridn, esenciales para el apareamiento y el
crecimiento vegetativo del hongo. La incompatibilidad heterocaridn es muy comun en hongos
filamentosos y tiene lugar cuando dos cepas con distinto genotipo intentan fusionarse
(Balguerie, Dos Reis et al. 2004). La proteina HET-s, presenta dos variantes fenotipicas: HET-s y
HET-S. HET-s existe en forma soluble (HET-s*) y en forma amiloide (HET-s) mientras que HET-S
solo existe en forma soluble. Mientras que la fusidon puede llevarse a cabo entre colonias
genéticamente idénticas (HET-S-HET-S o HET-s-HET-s) sélo HET-s* puede fusionarse con HET-S
(Coustou, Deleu et al. 1997; Maddelein, Dos Reis et al. 2002).

Diferentes estudios han revelado que la capacidad de propagacion de los priones viene
determinada por dos mecanismos claramente diferenciados: el primero es la velocidad de
crecimiento de la fibra mediante el ensamblaje de la proteina a las particulas pridnicas ya
existentes y el segundo es la capacidad de fragmentacion de las fibras formadas generando de
esta manera nuevas particulas pridnicas (seeds) esenciales para la infeccion y la propagacion
(Tuite and Koloteva-Levin 2004; Tanaka, Collins et al. 2006). El fenémeno de fragmentacion,
esencial para la propagacion de los priones, esta claramente asociada con diversos grupos de
chaperonas como Hsp40, Hsp70 y Hsp104 (Sondheimer and Lindquist 2000; Chernoff 2004).
Asi, un crecimiento rapido asociado a una gran capacidad de fragmentacién favorece la

aparicidn y propagacién del prién (Figura 7).
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Figura 7. Representacién grafica del efecto de la tasa de crecimiento y la fragmentacion de los
diferentes fenotipos en la propagacién del prion [PSI']. El fenotipo [PSI'] es el resultado de la agregacion
de Sup35 mientras que [psi] es la forma soluble. Los estados de agregacion de Sup35 se encuentran
representados mediante un gradiente de color donde por debajo de la linea azul la propagacién del
pridn no es posible. (Tanaka, Collins et al. 2006).

AGREGACION EN CELULAS BACTERIANAS: CUERPOS DE INCLUSION (1Bs)

En la industria biotecnoldgica, las bacterias han sido ampliamente utilizadas para la
produccién de proteinas recombinantes que no necesitan modificaciones post-traduccionales.
Sin embargo, las células bacterianas, organismos relativamente simples, pueden ser utilizados
también como modelos para poder obtener informacion crucial sobre la agregacion proteica y
la relacién entre ésta y la maquinaria de control celular. Escherichia coli es el organismo
procariota mas utilizado en la produccién de proteina recombinante debido a su rapido
crecimiento en medios de cultivo econdmicos, su capacidad de conseguir una elevada
concentracion celular y la posibilidad de obtener grandes cantidades de proteina. Esta
produccién proteica implica altas velocidades de traduccidn proporcionando de esta manera
un suministro continuo de polipéptidos desplegados que muchas veces saturan la maquinaria
de control celular. Esta saturacién puede comportar la acumulacién de la proteina
recombinante en depdsitos proteicos llamados cuerpos de inclusion (IBs) (de Groot, Sabate et
al. 2009). La formacidn de IBs es uno de los principales problemas en la produccién proteica y
es responsable de la restriccion en la produccion de muchas proteinas relevantes

terapéuticamente (Ventura and Villaverde 2006).

Propiedades de los cuerpos de inclusion
Mediante microscopia de contraste de fases, los IBs pueden verse como particulas

densas y refractantes con un diametro aproximado de 1 um situadas tanto en el citoplasma
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como en el periplasma de las bacterias (Ventura and Villaverde 2006). Inicialmente los IBs
fueron considerados como depdsitos proteicos inactivos sin ninguna estructura determinada;
no obstante, esta opinidon ha cambiado rotundamente durante los ultimos afios (de Groot,
Sabate et al. 2009).

Debido a la gran variabilidad de proteinas (en secuencia, estructura, tamafio y origen)
que dan lugar a la formacion de IBs durante su expresion en células procariotas, es facil pensar
que es un proceso dirigido por interacciones intermoleculares no especificas entre especies
nacientes parcialmente desplegadas. Durante el proceso de expresion de proteinas
recombinantes se observa la presencia de un numero reducido de IBs (normalmente uno) con
una elevada pureza proteica, donde en algunos casos la presencia de la proteina recombinante
puede alcanzar el 90% de la masa total (Carrio, Corchero et al. 1998). Ademas, la coexpresion
de dos proteinas en una misma bacteria da como resultado la formacién de dos IBs
diferenciados cada uno de ellos enriquecido con una de las dos proteinas (Hart, Rinas et al.
1990; Morell, Bravo et al. 2008). Estas caracteristicas en la formacidn de IBs y su capacidad in
vitro de ser utilizados como seeds para acelerar el proceso de agregacidén de la misma proteina
soluble (Carrio, Gonzalez-Montalban et al. 2005) denotan que su proceso de formacién viene
determinado por interacciones especificas.

En los ultimos afios, estos agregados inicialmente considerados como amorfos y sin
estructura molecular definida han podido ser estudiados en detalle confirmando que estos
depdsitos presentan caracteristicas comunes a los agregados amiloides presentes en
enfermedades humanas. Asi pues, los IBs unen colorantes especificos de fibras amiloides como
Th-T, Th-S y CR, y mediante FT-IR se ha podido observar que presentan espectros
caracteristicos de hojas B intermoleculares (Carrio, Gonzalez-Montalban et al. 2005) y que esta
estructura B va aumentando durante su proceso de formacién (Doglia, Ami et al. 2008). En
concordancia con esta idea se ha podido observar mediante microscopia la presencia de fibras
amiloides en IBs tanto parcialmente degradados con proteinasa K (Morell, Bravo et al. 2008)
como en condiciones nativas (Figura 8). También estudios realizados mediante difraccion de
rayos X y NMR han confirmado la presencia de estructuras en hoja B cruzada (Wang, Maji et al.
2008; Wasmer, Benkemoun et al. 2009). Asi pues, se ha podido confirmar de forma fehaciente
que los IBs bacterianos comparten muchas caracteristicas estructurales y funcionales de los

agregados amiloides (de Groot, Sabate et al. 2009; Dasari, Espargaro et al. 2011).
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Figura 8. Imdgenes de
microscopia electrénica de
transmisién de IBs
parcialmente degradados con
proteinasa K (PK). En la imagen
A tenemos un IB purificado. Las
barras representan 500 nm en
A, By Cy 200 nmenDyeE.
Figura adaptada de (Morell,
Bravo et al. 2008).

Aunque la gran mayoria de la proteina presentes en los IBs se encuentra agregada en
estructura B, también se ha observado la presencia de estructuras parcialmente desplegadas y
proteinas con estructura nativa (Carrio, Gonzalez-Montalban et al. 2005; Ami, Natalello et al.
2006; Ventura and Villaverde 2006). Aunque la distribucién en el interior de los IBs de estas
estructuras no se conoce todavia, su presencia podria explicar la deteccidon de actividad
proteica en estos depodsitos bacterianos (Tokatlidis, Dhurjati et al. 1991; Garcia-Fruitos,
Gonzalez-Montalban et al. 2005; Garcia-Fruitos, Aris et al. 2007). Esta actividad determina que
la agregacion de las proteinas recombinantes en el interior de los IBs no necesariamente
implica una completa desactivacion. En este mismo sentido, se ha observado la coexistencia de
polipéptidos activos y correctamente plegados con una organizacion molecular en hoja B
sugiriendo que las zonas de la cadena polipéptidica involucradas en esta estructura no
necesariamente perturban la conformacion de todos los dominios de la proteina y de esta
manera podria mantener el centro activo correctamente plegado y funcional (Garcia-Fruitos,
Gonzalez-Montalban et al. 2005). Esta nueva visidon de los IBs y sus caracteristicas abren la
posibilidad de poder utilizarlos directamente como biocatalizadores sin la necesidad de

purificar previamente la proteina o como nano-particulas (Garcia-Fruitos, Vazquez et al. 2012).

Calidad proteica y equilibrio dindmico con chaperonas

En el interior de una célula bacteriana existe una mezcla compleja de conformaciones
proteicas donde solubilidad no implica necesariamente actividad proteica, de la misma manera
en el interior de un IB también existen diferentes conformaciones de una misma proteina. Si
tenemos en cuenta que el crecimiento volumétrico del IB tiene lugar durante la sobre-
expresion de la proteina recombinante, esta heterogeneidad de conformaciones seria el

resultado de un desequilibrio entre la deposicion proteica y la eliminacidn de ésta mediante un
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intercambio continuo entre las formas solubles e insolubles de las proteinas recombinantes
(Carrio, Corchero et al. 1999). Debido a este equilibrio dindmico, en ausencia de sintesis
proteica, los IBs citoplasmaticos son casi totalmente desintegrados en pocas horas (Carrio and
Villaverde 2001; Gonzalez-Montalban, Garcia-Fruitos et al. 2006) sugiriendo que los IBs actuan
como reservorios proteicos de los que se puede extraer proteina recombinante. Asi pues,
podriamos decir que los IBs podrian ser definidos como reservorios de proteinas, siendo el
resultado de la incapacidad de las chaperonas y proteasas para procesar grandes cantidades
de proteina mal plegada, donde éstas quedan agrupadas hasta que pueden ser liberadas para
poder volver a entrar dentro del control de calidad proteico de la célula cuando sea posible
(Carrio and Villaverde 2003). Este equilibrio dindmico entre la fraccidn agregada y la fraccion
soluble viene dirigido por un complejo sistema de control de calidad celular donde estan
implicados los procesos de desagregacién, desplegamiento y reactivacion proteica (Figura 9)
(Carrio and Villaverde 2003; Gonzalez-Montalban, Garcia-Fruitos et al. 2006; Garcia-Fruitos,

Martinez-Alonso et al. 2007; Sabate, de Groot et al. 2010).
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Figura 9. Conformaciones posibles que puede adoptar una proteina en el interior de una célula
bacteriana. Una vez la proteina ha sido sintetizada ésta puede adquirir la estructura nativa de manera
espontanea o mediante la asistencia de chaperonas. Esta estructura soluble puede agregar mediante
interacciones selectivas en el interior del 1B, donde pueden coexistir diferentes conformaciones. La
maquinaria de calidad proteica puede actuar tanto en las conformaciones solubles como insolubles
promoviendo de esta manera un equilibrio dindmico entre fraccion soluble e insoluble. Este conjunto de
acciones da como resultado la existencia de estructuras proteicas tanto funcionales como inactivas en

ambas fracciones (Sabate, de Groot et al. 2010).

27



Introduccion

MODELOS PROTEICOS UTILIZADOS PARA EL ESTUDIO DE LA AGREGACION IN VITRO E IN VIVO

Son muchas las proteinas, sin ninguna homologia secuencial ni estructural, que pueden
auto-ensamblarse formando estructuras amiloides. Entre ellas no Unicamente encontramos
proteinas asociadas a enfermedades sino también proteinas sin ninguna relacién con estas
patologias. En esta tesis hemos caracterizado cinética, termodinamica y estructuralmente los
agregados formados in vitro e in vivo de varios péptidos y proteinas modelo.

Por un lado se ha estudiado el proceso de agregacidon de dos péptidos nativamente
desestructurados involucrados con enfermedades conformacionales. El primero de ellos es el
péptido amiloide de los islotes (IAPP) que es secretado junto a la insulina por las células B
pancreaticas actuando como regulador de la homeostasis de la glucosa, la agregacion de este
péptido estd ampliamente asociada con la diabetes tipo Il (Westermark, Andersson et al.
2011). A parte de IAPP también se ha trabajado con el péptido B amiloide, directamente
relacionado con la enfermedad de Alzheimer, la demencia mas comun en adultos (Ballard,
Gauthier et al. 2011).

Tal y como se ha comentado anteriormente un gran nimero de evidencias sugieren
que la capacidad de formar fibras amiloides podria ser una propiedad intrinseca y genérica de
las cadenas polipeptidicas (Dobson 2003), de esta manera se ha decidido trabajar con SUMO
una proteina globular y altamente soluble presente en todos los organismos eucariotas e
involucrada en una gran variedad de procesos celulares (Hay 2005). El estudio de esta proteina
nos permite ampliar el conocimiento sobre las caracteristicas que dirigen la agregacion de esta
clase de proteinas.

Para finalizar hemos trabajado con los priones de Saccharomyces cerevisiae [PSI'] y
[URE3] y el prién [Het-s] del hongo filamentoso Podospora anserina. Estos tres priones estan
muy bien caracterizados y son un excelente modelo para entender los procesos de agregacion
de los priones infecciosos relacionados con enfermedades.

El estudio de este amplio abanico de péptidos y proteinas nos permite obtener una
visién general sobre los procesos de agregacidon tanto in vitro como in vivo y ampliar el

conocimiento de los mecanismos de formacién amiloide.
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Discusion

BLOQUE I. ESTUDIO DE LA AGREGACION PROTEICA IN VITRO. PROPIEDADES BIOFiSICAS DE
LAS FIBRAS AMILOIDES.

El creciente nimero de trastornos clinicos causados por un mal plegamiento proteico y
la formacion de fibras amiloides o agregados relacionados con éstas hace que el estudio
biofisico de la formacion de este tipo de depdsitos proteicos sea particularmente atractivo por
varios aspectos: En primer lugar estudios in vitro de la formacion de fibras amiloides permiten,
de forma mas simple, obtener informacién esencial para la posterior aplicacion y/o
comprensidon de este tipo de procesos in vivo. En segundo lugar los estudios cinéticos y
termodinamicos permiten determinar la estructura de este tipo de agregados asi como el
mecanismo que sigue cada proteina para adquirir la estructura amiloide.

En este primer bloque se han empleado entornos in vitro controlados para estudiar los
cambios conformacionales que sufren algunos péptidos y/o proteinas al pasar de su estado
monomérico soluble a agregados amiloides altamente ordenados. Los resultados obtenidos
aportan nuevos conocimientos sobre los mecanismos de formacidn, las estructuras de los
agregados formados asi como el papel que juegan diferentes factores internos y externos
durante el proceso de agregacion.

Los factores determinantes de la agregacién son muchos y muy variados, englobando
propiedades intrinsecas de la cadena polipeptidica y caracteristicas del entorno en el que se
encuentra el péptido o proteina. Este primer bloque se encuentra dividido en dos capitulos, el
primero de ellos basado en el efecto de las propiedades intrinsecas de la cadena polipeptidica
y el segundo en el efecto que tienen alteraciones del entorno durante el proceso de
agregacion.

Para llevar a cabo estos estudios se han utilizado como modelo proteinas y péptidos
que no presentan ninguna homologia secuencial ni estructural para poder obtener una visién

global del efecto de los diferentes determinantes en el proceso de agregacion.

CAPITULO I: Efecto de la secuencia y la composicién aminoacidica en la formacién amiloide

El hecho de que un gran nimero de proteinas sin ninguna homologia secuencial ni
estructural sean capaces de auto-ensamblarse formando estructuras ricas en hoja B parece
indicar que las restricciones que dirigen el plegamiento proteico no son aplicables a la
formacién de fibras amiloides (Chiti and Dobson 2006; Fernandez-Busquets, de Groot et al.
2008). Las proteinas involucradas en la formacion de fibras amiloides pueden ser desde

proteinas globulares, con una estructura tridimensional bien definida, hasta proteinas
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nativamente desestructuradas. En los dos casos la secuencia y la composicién aminoacidica
juegan un papel vital durante todo el proceso de agregacion.

En este primer capitulo hemos trabajado con tres variantes de la proteina SUMO, una
proteina globular altamente soluble, implicada en una gran variedad de procesos celulares y
con tres péptidos, intrinsecamente desestructurados, derivados del péptido amiloide de los
islotes (IAPP), la acumulacién del cual en forma de agregados amiloides esta fuertemente
relacionada con la degeneracién de las células B pancredticas en la diabetes tipo Il (Clark,
Cooper et al. 1987).

En proteinas globulares, la agregacidon en forma de fibras amiloides esta altamente
favorecida cuando su estructura nativa se ve parcial o totalmente desestabilizada dejando
expuestas al solvente zonas altamente amiloidogénicas que previamente se encontraban en el
interior proteico (lvanova, Sawaya et al. 2004; Ventura, Zurdo et al. 2004). Las proteinas
SUMO, consideradas como “ubiquitin-like” muestran una estructura comun. Dos de las
proteinas SUMO estudiadas presentan una elevada homologia con una identidad secuencial
del 95 %, mientras que la tercera de ellas Unicamente presenta un 45 % de identidad
secuencial respecto a las otras dos; ésta diferencia secuencial se traduce en diferencias
importantes que afectan a la estabilidad de la proteina siendo significativamente inferior
frente desnaturalizacién térmica, con una temperatura de fusion (T,,) aproximada de 52 2C
respecto a los 68 2C que presentan las otras dos proteinas. La reduccidn de la estabilidad junto
con la presencia de mas regiones potencialmente amiloidogénicas favorecen el proceso de
agregacion de esta proteina. No obstante, y a pesar de estas diferencias, las tres proteinas
SUMO estudiadas dan lugar a la formacion de agregados si son incubadas en sus respectivas
T., condiciones de parcial desestabilizacion. En general las regiones que se encuentran en
interfaces tienen mas tendencia a agregar (Pechmann, Levy et al. 2009), sugiriendo que la
formacién de complejos funcionales y la formacidn de estructuras cuaternarias pueden
competir en el interior celular donde las interacciones funcionales representan un camino
competitivo a la agregacion (Pastore and Temussi 2012). El estudio de estas tres variantes de la
proteina SUMO permite demostrar que las mismas regiones utilizadas para establecer las
interacciones funcionales y especificas en su estado nativo son las capaces de nuclear el
proceso de agregacion amiloide. Estos agregados presentan diferencias importantes entre
ellos, desde composicidon en estructura B, diferencias en la union de colorantes especificos
como CR, Th-T y Th-S hasta diferencias morfoldgicas observadas mediante microscopia
electrénica de transmisién (TEM). Asi pues, las diferencias secuenciales entre proteinas de la

misma familia, aun teniendo una estructura comun, afectan directamente tanto a la
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estabilidad del estado nativo como a los agregados formados bajo condiciones parcialmente
desestabilizantes.

Por otro lado, el hecho de que proteinas esenciales y altamente solubles como SUMO
puedan formar agregados amiloides da soporte a la visién de que las proteinas globulares no
pueden abolir completamente la competencia entre el plegamiento productivo y la
agregacion. Asi pues, mutaciones genéticas capaces de disminuir la estabilidad de SUMO
podria tener graves consecuencias puesto que la disrupcidn de las vias de SUMO es letal en
mamiferos y levaduras. Los resultados obtenidos confirman que la tendencia a agregar es una
propiedad intrinseca de, sino todas, la gran mayoria de las cadenas polipeptidicas y que esta
tendencia estd ligada tanto a la secuencia de la cadena polipeptidica como a las propiedades
conformacionales de las proteinas, donde la estabilidad conformacional de la estructura nativa
juega un papel vital protegiendo las proteinas de la agregacion.

Demostrada la importancia de la estructura terciaria y/o cuaternaria en proteinas
globulares nos centramos en el estudio de péptidos intrinsecamente desestructurados (IDPs).
El estudio de la agregacidn de IDPs como el IAPP y sus dos variantes nos ha permitido estudiar
el papel que juegan la secuencia, la composicion aminoacidica y la direcciéon de la cadena
polipeptidica en la formacion de fibras amiloides. Los tres péptidos estudiados forman fibras
amiloides bajo condiciones determinadas; no obstante, aun teniendo la misma composicion
aminoacidica los agregados formados presentan diferencias estructurales, de estabilidad, unen
colorantes especificos de distinta manera y poseen citotoxicidades caracteristicas. Estos
estudios nos demuestran que la distribucion de las cadenas laterales a lo largo de la secuencia
juega un papel esencial, tal y como ocurre en el plegamiento proteico, no Unicamente en la
estructura final del agregado sino también en el camino que sigue para adquirirlo desde su
estado monomérico. La falta de fuertes regiones que dirijan la agregacidn, otorgando una baja
tendencia a agregar a la cadena polipeptidica, como sucede en el caso del péptido disefiado,
hace que el proceso de fibrilacion se vea ralentizado aunque no se puede evita el auto-
ensamblaje, dando lugar también a la formacién de estructuras macromoleculares estables.
Por otro lado, el estudio de la secuencia reversa muestra inequivocamente que la cadena
polipeptidica tiene definitivamente una direccionalidad; asi pues, dos péptidos con la misma
composicidon aminoacidica y el mismo perfil hidrofébico forman fibras amiloides distintas entre
si, mostrando que las fibras obtenidas por una proteina natural y su versidon reversa
probablemente no son mas similares en su estructura que las formadas por dos péptidos
amiloides sin relacién secuencial. El estudio confirma que, aparte del perfil hidrofdbico y de la
presencia de zonas amiloidogénicas, la direccién de la cadena polipeptidica promueve

diferencias tanto en el mecanismo de agregacidn como en la estructura de las fibras maduras.
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Los resultados de este primer capitulo nos permiten confirmar que, tanto en proteinas
globulares como en proteinas intrinsecamente desestructuradas, la tendencia a formar
estructuras amiloides se encuentra altamente ligada a la secuencia y a las propiedades
conformacionales de las proteinas, donde regiones especificas de la cadena polipeptidica son
las encargadas de dirigir la via de auto-ensamblaje y de definir la estructura final de estos

agregados.

CAPITULO II: Efecto del micro-entorno en la formacién de fibras amiloides

No Unicamente las propiedades intrinsecas a la cadena polipeptidica influyen en el
proceso de agregacion sino que cambios en el medio o micro-entorno celular pueden jugar un
papel determinante en este proceso. Se ha observado que variaciones en parametros como
agitacién, pH, temperatura, concentracion proteica y fuerza iénica no afectan solamente al
plegamiento de proteinas sino que también pueden alterar el proceso de agregacién y
formacién amiloide tanto cinética, termodindmica como estructuralmente (Lopez De La Paz,
Goldie et al. 2002; Kumar, Mohanty et al. 2007).

Este segundo capitulo estd basado en el estudio del efecto de la temperatura y la
agitacién durante el proceso de agregacion, utilizando como modelos proteicos las proteinas
pridnicas Sup35 y Ure2 de la levadura Saccharomyces cerevisiae y Het-s del hongo filamentoso
Podospora anserina. Los tres priones elegidos representan modelos simples que pueden ser
utilizados para la comprensién y la obtencién de informaciéon esencial del comportamiento de
los priones relacionados con enfermedades en mamiferos. Por otro lado, y con la finalidad de
estudiar el efecto de las membranas (que inequivocamente forman parte del entorno celular
en los procesos de auto-ensamblaje amiloide), también hemos estudiado el efecto de la
presencia de membranas artificiales (liposomas) durante el proceso de agregacion del péptido
B amiloide, directamente relacionado con la enfermedad de Alzheimer (Ballard, Gauthier et al.
2011).

Los resultados obtenidos indican, en todos los casos, que tanto la estructura final de
las fibras como la transicidn desde su estado monomérico a una estructura en hoja B ordenada
es altamente dependiente de la temperatura y de la agitacidon en el caso de HET-s. Estas
variaciones afectan de manera caracteristica a cada una de las proteinas pridnicas estudiadas
mostrando que la formacidon de fibras amiloides, aun siguiendo un mecanismo de nucleacion
comun, depende de varios factores como la naturaleza del nicleo que dara paso al inicio del

proceso y de las propiedades de la proteina soluble que serd incorporada a los extremos de las
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fibras. Dependiendo de la naturaleza de la proteina cada uno de estos factores influird de una
manera determinada.

Uno de los principales interrogantes sobre la formacién de fibras amiloides es el
mecanismo que siguen las proteinas para adquirir esta estructura altamente ordenada a partir
de su estado monomeérico. El estudio del efecto de factores como la temperatura y la agitacion
nos permiten obtener informacion sobre los pardmetros cinéticos y termodinamicos de la
formacién de fibras amiloides asi como de las vias de auto-ensamblaje. La caracterizacidn de
estos parametros junto con las propiedades conformacionales de las fibras amiloides
obtenidas hacen posible la comprension de los principios basicos de los mecanismos y las
interacciones que promueven el auto-ensamblaje durante los procesos de fibrilacion
permitiendo proponer un modelo de agregacidon para cada uno de los priones estudiados.

Los estudios realizados muestran que las vias por las que diferentes proteinas
priénicas, inicialmente solubles, llegan a adquirir estados amiloides difieren de forma
significativa, al menos en términos cinéticos y termodinamicos.

No Unicamente los pardmetros comentados anteriormente pueden influir durante los
procesos de agregacion. En entornos celulares, donde la concentracion de macromoléculas es
muy elevada, las colisiones y las interacciones entre moléculas son constantes. El
conocimiento del mecanismo de auto-ensamblaje de una proteina o péptido nos permite
determinar como se ve influido éste por la presencia de otras moléculas como por ejemplo
membranas lipidicas. Uno de los mecanismos propuestos para la neurotoxicidad del péptido B
amiloide (AB) es su capacidad disruptiva de membranas celulares y la despolarizacidn de éstas
mediada por la formaciéon de canales idnicos o por un aumento en la conductancia de la
membrana en general (Arispe, Pollard et al. 1993; Arispe, Rojas et al. 1993; Lin, Bhatia et al.
2001; Kayed, Sokolov et al. 2004; Demuro, Mina et al. 2005); estos factores dan como
resultado una alteracién de la homeostasis y una desregulacién de la transduccion de seial
neuronal que conduce a la muerte celular (Arispe, Pollard et al. 1993; Lashuel, Hartley et al.
2002; Florent-Bechard, Desbene et al. 2009). La utilizacién de liposomas como modelo de
membrana bioldgica permite determinar de forma simple los parametros cinéticos clarificando
el mecanismo y las consecuencias de la interaccién de AB con membranas lipidicas. A su
tiempo, la utilizacién de liposomas con diferente carga superficial nos ha permitido identificar
el efecto de la carga de la bicapa en la agregacion amiloide. Los resultados muestran que el
proceso de agregacion de AB40 se ve ralentizado por la presencia de liposomas y que este
efecto es dependiente de la carga. El hecho que el principal efecto sea sobre el proceso de
nucleacidon, manteniendo el proceso de elongacion relativamente intacto, indica que la

interaccion se podria producir antes de la formacion de las fibras, produciéndose la
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incorporacion de mondémeros de AB40 en la membrana liposomal y promoviendo asi su
disrupcion. Estos resultados fomentan la visidn de que son los primeros estadios de la
agregacion los causantes de la citotoxicidad celular, ya que estos son los capaces de

interaccionar con las membranas lipidicas y provocar dafio celular.
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BLOQUE II. ESTUDIO DE LA AGREGACION PROTEICA IN VIVO. PROPIEDADES BIOFiSICAS DE
LOS CUERPOS DE INCLUSION.

El estudio in vivo de la agregacion amiloide es un proceso altamente complejo. La
formacién de cuerpos de inclusiéon (IBs) en el interior de células bacterianas ha sido
tradicionalmente relacionada con la formacidon de interacciones hidrofébicas no especificas
entre cadenas polipeptidicas total o parcialmente desplegadas. En los ultimos afios esta vision
ha cambiado radicalmente debido al gran nimero de evidencias que sugieren que estos
depdsitos intracelulares comparten caracteristicas estructurales con las altamente ordenadas y
en muchos casos patdgenas fibras amiloides (Carrio, Gonzalez-Montalban et al. 2005; Doglia,
Ami et al. 2008; Morell, Bravo et al. 2008; Wang, Maji et al. 2008). Asi pues, la fehaciente
demostracién que los agregados proteicos resultantes de la expresién recombinante de
proteinas amiloides en organismos procariotas comparten muchas de las propiedades y
caracteristicas amiloides de la agregacién producida en organismos superiores hace de éstos,
modelos ideales para poder estudiar la agregacion amiloide in vivo.

Este segundo bloque estd centrado en el estudio biofisico y fisicoquimico de los
agregados formados in vivo por el péptido amiloide AB42 y un mutante de éste con baja
capacidad de agregacion (de Groot, Aviles et al. 2006), los priones de Saccharomyces cerevisiae
[PSI'] y [URE3], y el prion de Podospora anserina [Het-s], que codifican las proteinas Sup35p,
Ure2p y HET-s respectivamente.

Siguiendo las evidencias anteriormente mencionadas, se procedié a la confirmacion de
la presencia amiloide en los IBs de las proteinas seleccionadas. En una primera fase se
determind mediante CD y FT-IR la estructura secundaria de los IBs, comprobando que éstos
presentaban espectros muy parecidos a los obtenidos al estudiar las fibras amiloides
relacionadas con enfermedades humanas, y confirmando que estos depdsitos proteicos
contenian una arquitectura rica en hoja B. La presencia de estructura secundaria regular en el
interior de los IBs implica la existencia de interacciones especificas entre las cadenas
polipeptidicas que los forman, estabilizando la estructura del agregado de la misma manera
que ocurre en fibras amiloides. Para confirmar este punto calculamos la estabilidad
conformacional de los IBs frente a desnaturalizacién quimica. Las diferencias en estabilidad
observadas indican que, aunque poseen una morfologia comuin y una estructura secundaria
rica en hoja B, estos agregados intracelulares formados por diferentes cadenas polipeptidicas
no deben ser tratados como entidades Unicas, sino que la estructura depende de propiedades
intrinsecas y especificas de las proteinas que los forman, hasta tal punto que una Unica

mutacion puntual puede alterar drasticament la estabilidad de estos agregados.
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Para poder afirmar que la estructura rica en hoja B se encontraba organizada en una
estructura amiloide utilizamos los colorantes Rojo Congo (CR), Thioflavina T (Th-T) y Thioflavina
S (Th-S) considerados como especificos y de eleccidn en la deteccidn de estructuras amilodes.
En presencia de IBs formados por las proteinas a estudio se observé que la absorbancia de CR
aumentaba y el maximo se desplazaba hacia longitudes de onda mayores apareciendo la
banda especifica amiloide, aumentaba la emisidén de fluorescencia de Th-T y la tincidn con Th-S
permitia mostrar las zonas ricas en material fibrilar apareciendo la fluorescencia color verde
caracteristica de las fibras amiloides. Asi pues, y en consonancia con la estructura secundaria
observada y la existencia de interacciones selectivas, la unién de colorantes especificos indica
que los IBs estudiados poseen estructura amiloide. Otra caracteristica importante de las fibras
amiloides es su capacidad de acelerar la conversidn de sus respectivas especies solubles a
fibras amiloides. En el trabajo realizado hemos podido determinar cuantitativamente que los
IBs purificados tienen efectos muy similares a los producidos por las fibras amiloides y actdan
reduciendo la fase de latencia de manera selectiva, ya que la formacién amiloide se ve
acelerada unicamente por IBs homodlogos a la proteina soluble. Esto confirma que, del mismo
modo que en las fibras amiloides, existe un reconocimiento especifico entre las especies
solubles y los IBs.

Los resultados obtenidos indican que los contactos intra- e inter-moleculares
caracteristicos de las fibras amiloides de cada una de las proteinas estudiadas estan también
presentes, al menos, en una fraccion de las cadenas polipeptidicas que se encuentran en el
interior de los agregados intracelulares formados en bacteria. La caracterizacion biofisica de
los agregados formados por los distintos priones estudiados sugiere que estas proteinas
podrian tener acceso a conformaciones pridnicas cuando son expresadas de manera
recombinante en bacterias. Una de las caracteristicas principales de las proteinas pridnicas es
su capacidad de auto-perpetuarse in vivo y por lo tanto de infectar. Debido a las propiedades
amiloides de las cadenas polipeptidicas que se encuentran en el interior de los IBs estudiados
estas podrian producir dicha infeccién. En el caso de la proteina Sup35 esta propiedad puede
ser evaluada mediante el estudio de la conversién de células de levadura [psi] a [PSI']. Para
comprobar esta suposicion se realizaron los consiguientes estudios que confirmaron la
capacidad de infeccion de los IBs de Sup35 demostrando la formacidon de conformaciones
pridnicas en el interior bacteriano, donde la maquinaria proteica natural de las bacterias es
suficiente para formar estas variantes infecciosas per se. En el bloque anterior observamos
como la temperatura de formacién de los agregados pridnicos in vitro influye en las
propiedades conformacionales de las fibras obtenidas. Ha sido demostrado que la temperatura

puede alterar las propiedades de Sup35 como pridn dando lugar a la obtencién de diferentes
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fenotipos [PSI'] (Tanaka, Collins et al. 2006). En nuestro caso, y en concordancia con estos
resultados, la reduccién de la temperatura de expresion de 37 2C a 18 2C produce un aumento
significativo de la proporcidn de colonias con un fuerte fenotipo [PSI'], sugiriendo que las
propiedades infectivas de las proteinas pridnicas producidas en bacterias pueden ser
moduladas mediante la regulacion de las condiciones de produccién. El hecho que los IBs
presenten conformaciones infecciosas en su interior facilmente modulables, los elevados
niveles de proteina que acumulan y su facil purificacidn, sugiere que éstos podrian ser una
fuente facil y rdpida de obtener un amplio abanico de particulas pridnicas.

Tal y como hemos podido observar, parece ser que la estructura fibrilar obtenida in
vitro es conservada en los IBs, confirmando la observacidn anterior de que las bacterias son
capaces de producir conformaciones pridnicas en el interior de los depdsitos proteicos y
pueden ser moduladas mediante las condiciones de expresidon. Todos estos resultados
sugieren claramente que las células bacterianas pueden ser utilizadas como un sistema rapido,
simple y biolégicamente relevante para el estudio in vivo del auto-ensamblaje proteico, la
toxicidad y la infectividad de proteinas amiloides. Es conocido que la formacidn de estructuras
pridnicas infecciosas esta altamente relacionada con la maquinaria celular (Chien, Weissman et
al. 2004), asi pues las bacterias pueden ser consideradas como sistemas también idoneas para
el estudi del efecto de chaperonas como ClpB (homologa a Hsp104), chaperonas eucariotas
recombinantes y compuestos anti-aagregacionales durante el proceso de formacion de los
amiloides en sistemas celulares.

Siguiendo este propésito, hemos desarrollado un método rapido, cuantitativo y no
invasivo para la deteccién in vivo de los agregados intracelulares formados en bacterias.
Aunque muchos colorantes son Utiles para la deteccién de amiloides los mas utilizados son el
CR, Th-T y Th-S. El método desarrollado estd basado en la habilidad de la Th-S para penetrar las
membranas celulares y unirse a los depdsitos proteicos. Con el afan de demostrar la
universalidad del método, para este estudio se decidid trabajar con varios modelos
amiloidogénicos sin ninguna relacidn estructural ni secuencial entre ellos y detectar la union
de Th-S mediante varios métodos como microscopia éptica de fluorescencia, microscopia
confocal y espectrofluorometria, confirmando asi que la unidn in vivo de Th-S es dependiente
de la agregacion pero independiente del tipo de proteina, pudiendo ser facilmente
monitorizada. A pesar de su facil deteccién estos métodos no sirven para andlisis a gran
escala. Es por este motivo que se ha utilizado la citometria de flujo como método de eleccidon
gue permite analizar poblaciones enteras de células en muy poco tiempo (Morell, Espargaro et
al. 2008), permitiendo determinar la presencia de agregados amiloides en células bacterianas

marcadas con Th-S de forma rdpida, con un elevado rendimiento cuantitativo, no invasivo,
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sensible y selectivo sin la necesidad de marcadores proteicos como por ejemplo la GFP que

podrian influir en el proceso de agregacion.
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CONCLUSIONES

BLOQUE I: ESTUDIO DE LA AGREGACION PROTEICA IN VITRO. PROPIEDADES BIOFiSICAS DE
LAS FIBRAS AMILOIDES.

CAPITULO I: Efecto de la secuencia y la composicién aminoacidica en la formacién amiloide

1. Tanto en proteinas estructuradas como en proteinas intrinsecamente
desestructuradas la secuencia polipeptidica y la composicién aminoacidica juegan un
papel esencial no Unicamente durante todo su proceso de agregaciéon sino también en
la estructura final de los agregados amiloides obtenidos.

2. En el caso de proteinas globulares la estabilidad de su estructura nativa ejerce un
papel protector frente la agregacién ya que las interacciones funcionales representan
un camino competitivo a ésta.

3. Regiones especificas de la cadena polipeptidica son las encargadas de dirigir la via de

auto-ensamblaje y de definir la estructura final de los agregados.

CAPITULO II: Efecto del micro-entorno en la formacion de fibras amiloides

1. Los factores externos estudiados afectan tanto la cinética de agregacidon como la
estructura de los agregados obtenidos de manera caracteristica para cada una de las
proteinas estudiadas.

2. La obtencién de los pardmetros cinéticos y termodinamicos junto con las propiedades
conformacionales de las fibras amiloides obtenidas nos permiten obtener informacion
esencial sobre el mecanismo y las interacciones que promueven el auto-ensamblaje
proteico y poder proponer modelos de agregacion.

3. Los resultados obtenidos indican que, aun y adquiriendo estructuras finales comunes,
las vias por las que diferentes proteinas adquieren esta estructura difiere
significativamente.

4. Independientemente del mecanismo de agregacion puede dilucidarse una relacion
directa entre la velocidad del proceso de agregacion y la formacion de agregados

amorfos o fibras altamente organizadas.
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BLOQUE II. ESTUDIO DE LA AGREGACION PROTEICA IN VIVO. PROPIEDADES BIOFiSICAS DE
LOS CUERPOS DE INCLUSION.

1. La estructura de los IBs estudiados depende de las propiedades intrinsecas de las
cadenas polipeptidicas de las cuales estan mayoritariamente formados. Asi pues, se
puede observar una relacidon directa entre la estabilidad especifica de los IBs y la
estabilidad de las fibras amiloides formadas por cada proteina.

2. Los IBs presentan estructuras ricas en hoja B y comparten muchas caracteristicas en
comun con las fibras amiloides obtenidas in vitro.

3. Factores externos como la temperatura no Unicamente afectan a los agregados in vitro
sino que también determinan los agregados formados in vivo, mostrando que, en el
caso de proteinas con capacidad pridnica, el interior bacteriano permite la formacién
de estructuras amiloides infecciosas modulables mediante las condiciones de
formacién tal y como puede suceder in vitro.

4. Llos estudios realizados validan los sistemas bacterianos como modelos rapidos,
simples y de relevancia bioldgica para el estudio de la agregacién proteica.

5. Se ha desarrollado un método répido, cuantitativo y no invasivo para la deteccion in
vivo de los agregados intracelulares formados en bacterias bajo la consideracion que
los agregados formados mantienen las propiedades y caracteristicas de las fibras

amiloides.
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The specific functional structure of natural proteins is determined by the
way in which amino acids are sequentially connected in the polypeptide.
The tight sequence/structure relationship governing protein folding does
not seem to apply to amyloid fibril formation because many proteins
without any sequence relationship have been shown to assemble into very
similar p-sheet-enriched structures. Here, we have characterized the
aggregation kinetics, seeding ability, morphology, conformation, stability,
and toxicity of amyloid fibrils formed by a 20-residue domain of the islet
amyloid polypeptide (IAPP), as well as of a backward and scrambled
version of this peptide. The three IAPP peptides readily aggregate into
ordered, p-sheet-enriched, amyloid-like fibrils. However, the mechanism of
formation and the structural and functional properties of aggregates formed
from these three peptides are different in such a way that they do not cross-
seed each other despite sharing a common amino acid composition. The
results confirm that, as for globular proteins, highly specific polypeptide
sequential traits govern the assembly pathway, final fine structure, and
cytotoxic properties of amyloid conformations.

© 2010 Elsevier Ltd. All rights reserved.

Introduction

The primary sequence of a protein encodes not

*Corresponding author. E-mail address:
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Abbreviations used: IAPP, islet amyloid polypeptide;
TEM, transmission electron microscopy; AFM, atomic
force microscopy; FTIR, Fourier transform infrared
spectroscopy; Th-T, thioflavin-T; CR, Congo red; Gdn-
HCI, guanidine hydrochloride; ATR, attenuated total
reflectance; DMEM, Dulbecco's modified Eagle's medium.

only its specific functional three-dimensional struc-
ture but also the pathway that it follows from the
unfolded state to the native conformation.' This
information implies that a polypeptide with the
same amino acid composition as a naturally occur-
ring protein but with a randomized distribution of
the residues would not attain the same native
structure and probably would not fold at all. Retro
proteins illustrate an extreme example of this
situation. Native proteins are generally not palin-

0022-2836/$ - see front matter © 2010 Elsevier Ltd. All rights reserved.
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dromic; therefore, reading a protein sequence back-
wards provides a new polypeptlde that does not
align with its parent sequence. *Inaretro protein, the
dihedral angles ¢ and s correspond to the angles — s
and — ¢ in the original protein, respectively. Reversal
of peptide bond direction achieves a m1rror1ng of
side-chain positions in conformational space. * This
property gave rise to speculation that, as a result of
the folding process, a retro protein rmght adopt the
mirror image structure of the native fold.> However,
ithas been shown as a general rule that retro versions
do not fold into the compact, stable, and soluble
conformations characteristic of natural globular
proteins despite their common hydrophobic/hydro-
philic pattern, global amlno acid composition, and
possible tertiary contacts.*

The strong constraints that the protein primary
sequence imposes on the conformation of globular
native proteins might not necessarily apply to the
formation of amyloid fibril structures because a large
number of both disease-related proteins and nontoxic
proteins have been shown to convert into amyloid
without any need for sequential or structural
homology.>® In fact, it is assumed that the formation
of amyloid fibrils 1s an intrinsic and generic
polypeptide property.” Goldschmidt et al. recently
addressed the validity of such an assumption by
investigating the molecular properties of the umverse
of proteins capable of forming amyloid fibrils.® Their
results support previous findings suggesting that the
propensity to form amyloid fibrils is highly depen-
dent on the protein sequence,”'? in agreement with
the observation that amyloidogenic segments of the
amyloid-p peptide and the prion protein lose their
amyloid propensity when they are scrambled.'""?
However, scrambled variants of the yeast Ure2p and
Sup35 prions, in which the order of amino acids in
the prion domain was randomized, formed prions in
vivo and amyloid fibrils in vitro,'” 14 suggesting that,
at least in these particular cases, amino acid
composition might be relevant to amyloid assembly.
In this context, pioneering studies demonstrated that
the absolute aggregation rates of amyloidogenic
polypeptides can be approximated by using simple
physicochemical parameters to describe the proper-
ties of polypeptide chains.'” Later on, it was shown
that explicitly taking into consideration the presence
of specific aggregation-prone sequences improves
the accuracy of the predictions, as demonstrated for
scrambled versions of the N—termmal peptide of
horse heart apomyoglobin.'® Accordingly, although
scrambled and natural versions of the NM region of
the Sup35p prion form amyloids, they exhibit
different aggregation kinetics. These data indicate
that even in the particular case in which the ability to
form amyloids is determined by the amino acid
composition, the distribution of side chains might
modulate the rate of conversion into amyloid
structures.'”

Together with the study of the aggregation
properties of natural amyloid proteins and peptides
and their scrambled versions, an analysis of the effect
of backbone direction on the amyloid properties of
polypeptides might prove very useful in deciphering
the extent of sequence specificity required for
amyloid assembly. However, this remains an essen-
tially unexplored issue. In the present work, we have
addressed the role of amino acid sequence and
composition in amyloid formation using the islet
amyloid polypeptide (IAPP) as model.

IAPP is stored in insulin-secretory granules and
secreted by pancreatic p-cells acting, together with
insulin, as regulator of glucose homeostasis.'® The
formation of IAPP aggregates is strongly assoc1ated
with p-cell degeneration in type 2 diabetes'® because
more than 90% of patients exhibit IAPP amyloid
upon autopsy. Furthermore, the level of islet
amyloid appears to correlate with the severity of
the disease.'” Here, we study the aggregation
kinetics, seeding ability, morphology, conformation,
stability, and toxicity of amyloid fibrils formed by a
20-residue domain of IAPP, as well as of a backward
and scrambled version of this peptide.

Results

Predicted aggregation propensities of IAPP
peptides

Mature IAPP consists of 37 residues, contains a
disulfide bridge between cysteine 2 and cysteine 7,
and has an amidated C-terminus. Secondary struc-
ture predictions using the algorithm CSSP22° indi-
cate that the IAPP region with the highest 3-sheet
propensity comprises residues 13-29 (data not
shown). This includes the 20-29 region, which is
considered to be the central amyloidogenic module
of the polypeptide,*" and it overlaps with the 10-19
segment, which has also been shown to be important
for IAPP fibrillogenesis.””>* In the present work, we
have addressed the amyloidogenic properties of a
peptide corresponding to the IAPP 10-29 sequence
stretch named WT. Different models have been
recently proposed for the conformation of IAPP 1r1
the fibrillar state based on molecular modeling,*
NMR,*® and X-ray” results. In all of these models,
the 10-29 IAPP segment is embedded in the main -
sheet structure.

Several algorithms have been developed to iden-
tify amyloidogenic protein sequences and to predict
the aggregation propensities of proteins.!528-34
Here, theoretical aggregation-prone regions in WT
were predicted using three different methods:
TANGO,”® AGGRESCAN,™ and the algorithm of
Zhang et al. (here named PRE-AMYL).3®> TANGO,
AGGRESCAN, and PRE-AMYL consistently pre-



Protein Sequence and Amyloid Formation

339

(a)

Bata Aggragation

O == B LD ds U 3 ) 08 D
e
R

2 |
123485678 910N 1213141516171819020
resadug

—

o

—
W

4
in

i)

-

Ralatve Aggregabon
propensity
[5,]

2
n

o

123465678 81011213141518171B1020
reschuss

Fig. 1. Aggregation propensity profiles of IAPP pep-
tides. Aggregation 2gropensll’aes were calculated accord-
ing to (a) TANGO,” (b) AGGRESCAN,* and (c) Zhang
et al.33 The profiles correspond to WT (blue), RETRO
(red), and DESIGN (green) peptides. The aggregation
propensity of DESIGN is below the detection threshold in
(a) and (c).

dicted two aggregation-prone regions in WT, in
good agreement with experimental data. The con-
sensus prediction suggests that the first aggregating
region spans residues 12-17 (LANFLV), and the
second aggregating region is composed of residues
23-28 (FGAILS) (Fig. 1).

To assess the influence, if any, of backbone
direction on protein aggregation, we synthesized a
retro version of WT, here named RETRO (Table 1).
Two aggregating regions were suggested by
TANGO, AGGRESCAN, and PRE-AMYL; the
consensus prediction suggests that the first region
includes residues 27-23 (using WT nomenclature)
(LIAGF) and that the second region is composed of
residues 17-13 (VLENA). AGGRESCAN and PRE-
AMYL provided predictions essentially symmetric
to those obtained for WT (Fig. 1) and, accordingly,
very similar aggregation propensities for both
peptides (Table 1). TANGO predicted both
regions—but especially the second one (VLFNAL)
—to be more aggregation-prone in RETRO than in
WT (Fig. 1); in fact, it anticipates a 5-fold faster
aggregation rate for the backward sequence.

To study the role of the specific sequence in
protein aggregation instead of simply the overall
amino acid composition, we used TANGO as a
benchmark to design a peptide, named DESIGN,
that is devoid of any aggregation-prone regions
despite sharing the same amino acid composition as
WT and RETRO (Fig. 1 and Table 1). No aggregating
segments were predicted by PRE-AMYL in this
peptide (Fig. 1 and Table 1). AGGRESCAN detected
short (<5 residues) and weak aggregation-prone
stretches (Fig. 1) and a 6-fold reduction in aggrega-
tion tendency relative to WT (Table 1).

We performed a BLAST homology analysis with
the RETRO and DESIGN sequences. Very high E-
values, which indicate that the sequences are not
homologous to any natural protein sequence, were
obtained in both cases (see Materials and Methods).

Formation of amyloid fibrils by IAPP peptides

We incubated 100 uM solutions of the different
peptides in 10 mM sodium acetate (pH 5.5) for 24 h
at room temperature with agitation at 1000 rpm.
This buffer has been previously shown to be

Table 1. Predicted aggregation propensities of WT, RETRO, and DESIGN peptides according to the default parameters of

the algorithms used

Peptide Sequence TANGO" AGGRESCAN® Zhang et al.c
DESIGN LIQSAFGNNVHLSRFENSSAL 0.0 0.040 0.0

WT QRLANFLVHSSNNFGAILSS 12.69 0.295 -29.30
RETRO SSLIAGFNNSSHVLFNALRQ 63.0 0.290 -28.09

B -Aggregation (higher values correspond to higher aggregation propensities

)28

> Area of the profile above the threshold per residue (higher values correspond to higher aggregation propensmes)
© Average of energy values below the threshold (lower values correspond to higher aggregation propensities).®
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adequate for the study of IAPP fibrillogenesis.”*””

Incubated peptide solutions were imaged using
transmission electron microscopy (TEM). All three
peptides formed amyloid-like fibrillar structures
despite their different predicted aggregation prop-
erties. The individual samples of the three peptides
exhibited significant fibrillar polymorphism, as
analyzed by TEM. Representative images of the
macromolecular structures formed by the three
peptides are shown in Fig. 2. The WT fibrillar
assemblies were shorter than those formed by
DESIGN and RETRO peptides. The widths of the

Fig. 2. Electron micrographs of the amyloid fibrils
formed by WT, DESIGN, and RETRO peptides in 10 mM
sodium acetate (pH 5.5) at room temperature with
agitation at 1000 rpm. The scale bar represents 200 nm.

observed individual protofibrils were ~6-8 nm for
WT, ~7-9 nm for DESIGN, and ~8-10 nm for
RETRO. They appeared eventually associated to
form stacks, bundles, or helical structures.
Tapping-mode atomic force microscopy (AFM) of
highly oriented pyrolytic graphite (HOPG) was also
used to visualize aggregating peptides. Two types of
structures were observed in all three samples:
ribbon-like protofibrils (Fig. 3a—c) and larger fibrils
formed by the parallel association of protofibrils
(Fig. 3d—f). Protofibril heights were ~1.5 nm for WT
and ~1.0 nm for DESIGN and RETRO. The widths
of protofibrils were ~10 nm for WT and DESIGN
and ~12 nm for RETRO. By analogy to our prev10us
data obtained with the amyloid-p 1-42 peptide,*
the fibrillar structures 7-10 nm across, as observed
by TEM, might correspond to twisted protofibrils,
an artifact probably induced by dehydration of TEM
samples. Protofibrils reached a length of several
hundred nanometers and, in the case of WT and
RETRO, had a tendency to form parallel assemblies,
whereas DESIGN protofibrils were more disor-
dered. WT fibrils were often fragmented, but
DESIGN fibrils were always observed as completely
straight structures up to several micrometers long.
The conversion of protofibrils into fibrils was
observed to be incomplete according to AFM
images that showed a protofibril layer (most evident
in Fig. 3f) on top of which the fibrils were deposited.

Fourier transform infrared spectroscopy analysis
of secondary structure in the amyloid fibrils
formed by IAPP peptides

The secondary structure of the different peptides in
the fibrillar state was evaluated by Fourier transform
infrared spectroscopy (FTIR) (Fig. 4). Deconvolution
of the absorbance spectrum in the amide I region
allowed us to identify the individual secondary
structure components and their relative contribution
to the main signal. The analysis indicates that despite
the presence of a common p-sheet signature, the
fibrils display important secondary structure differ-
ences, which refer to both the proportion and
conformation of R-sheets and the turns and loops
that might connect -strands (Table 2).

A comparison of the spectra of mature fibrils with
the spectra from peptide solutions 5 min after the
initiation of aggregation at 25 °C (Supporting
Information, Fig. S1)—when no significant binding
to thioflavin-T (Th-T) is yet detected—allowed us to
monitor the main structural changes occurring upon
fibril formation. At the beginning of the reaction, the
spectra of all peptides are dominated by a band at
~1654 cm™! (Table 2), which has been assigned to
both a-helical and unstructured regions.

In WT, intermolecular B-sheet forms early in the
reaction, as indicated by a band at 1626 cm™ ' and a
second band at 1697 cm™ ', which is thought to result
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WT DESIGN

RETRO

Fig. 3. Amplitude AFM images of the structures formed by WT, DESIGN, and RETRO peptides in 10 mM sodium
acetate (pH 5.5) at room temperature with agitation at 1000 rpm. (a—c) Protofibrils. (d—f) Fibrils deposited on top of a

protofibril layer.

from the splitting of the first signal. In addition, an
important band at 1683 cm ™! is detected (Table 2).
This band has been assigned to both B-turns and p-
sheets and, accordingly, its position shifts coordi-
nately with the 1624-1629 cm ™' signals in several of
the peptides upon fibrillation (Table 2). The forma-
tion of mature fibrils in WT entails a complete
conversion of non-p-regions into B-sheets and p-
turn elements (Table 2).

The main components in the initial spectrum of
RETRO correspond to those already described for
WT (Table 2). However, the intermolecular p-sheet
band is smaller and shifted to ~1629 cm™*, suggest-
ing a slower and looser self-assembly. Interestingly,
in contrast to WT, the mature fibrils solution for
RETRO still contains a significant amount of non-p-
structure, and the characteristic WT p-turn band at
~1670 cm ™! is not detected (Table 2).

The initial spectrum of DESIGN presents a signal
at 1632 cm ™!, which is usually assigned to intramo-
lecular B-sheets, and lacks any intermolecular B-
sheet band, which suggests the presence of a
monomeric PB-hairpin-like structure. The other
bands present at 5 min correspond to those seen
previously in the WT spectrum (Table 2). After
fibrillation, the characteristic intermolecular -sheet

signal at 1624 cm ™! appears. However, the putative
intramolecular p-sheet is still detected (Table 2).
Also, the initial non-B-signals at 1654 cm™" disap-
pear, and a p-turn signal at 1673 cm ™' dominates the
spectrum (Table 2).

Amyloid dyes bind to the amyloid fibrils formed
by IAPP peptides

The fibrils formed by the three peptides bind to
the amyloid diagnostic dye Congo red (CR), as
evidenced by an increase in absorbance signal and a
shift of the spectrum towards higher wavelengths
(Fig. 5a). In addition, the difference spectrum
between the dye in the presence of fibrils and the
dye in the absence of fibrils allows the detection of
the characteristic amyloid band at ~541 nm (Fig.
5b). Importantly, the different fibrils induce differ-
ential changes in the CR spectrum with a
DESIGN>RETRO>WT effect. This supports the
existence of structural differences in the fibrils. To
further confirm this point, we performed titration to
determine the interaction between the dye and the
three different fibrils (Supporting Information, Table
S1 and Fig. S2). We measured the maximum CR
binding (Bmax) values of 3.24, 4.95, and 4.69 M, and
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Fig. 4. Analysis of the secondary structures of WT (a),
RETRO (b), and DESIGN (c) amyloid fibrils by ATR-FTIR.
Absorbance spectra of the amide I region (continuous
thick lines) showing the component bands (continuous
thin lines). The sum of individual spectral components
after Fourier self-deconvolution closely matches the
experimental data.

apparent Ky values of 2.74, 3.93, and 3.29 uM,
for 10 uM WT, RETRO, and DESIGN fibrils,
respectively.

We further explored the binding of the fibrillar
structures to Th-T. In the presence of amyloid fibrils,
Th-T undergoes an enhancement of its fluorescence
emission relative to that of the free dye.”” All three
fibrils bind to Th-T but induce differential changes
in fluorescence with WT>RETRO>DESIGN (Fig.
5¢c). We measured Th-T B, values of 0.41, 5.22,
and 43.13 uM, and apparent K4 values of 16.4, 27 4,
and 91.7 uM, for 25 uM WT, RETRO, and DESIGN
fibrils, respectively (Supporting Information, Table
S1 and Fig. S3). Overall, the binding to CR and Th-T
supports the existence of conformational differences
in the fibrils formed by these peptides.

Conformational stability of the amyloid
fibrils formed by IAPP peptides

Secondary structure and dye binding data com-
bine to indicate that the structure is stabilized by
different contacts in the fibrils formed from the three
peptides; therefore, these structures might display
specific stability features. We characterized the
conformational stabilities of the different fibrils
under chemical denaturation with guanidine hydro-
chloride (Gdn-HCI). After fibril denaturation, the
reduction in Th-T fluorescence signal was moni-
tored. We assumed a two-state model in which the
peptide is either in a fibrillar state, which contributes
to fluorescence, or in a soluble state, which adds no
contribution to the signal. The denaturation curves
could be fitted accurately to the two-state model.
Accordingly, cooperative-like denaturation behav-
ior could be observed for all of the fibrils (Fig. 6).
From the data in Table 3, it can be clearly inferred
that the fibrils formed by the three related peptides
exhibit dramatic differences in stability. DESIGN
fibrils display a much higher stablhty against
chemical denaturation (AG=19 k] mol™') and a
hlgher denaturation cooperativity (m=7.2 k] M
mol™!) than WT flbrlls (AG=6 k] mol™! and
m=4.5 k] M~" mol™"). RETRO fibrils display
intermediate Values of stability and cooperat1v1ty
(AG=10kJ mol™! and m=5.3 k] M~ ! mol™ ).

Proteolytically protected core in the amyloid
fibrils formed by IAPP peptides

Proteinase K is an endolytic serine protease that
finds application in the mapping of polypeptide
regions in the core of amyloid fibrils due to its
strong preference for hydrolyzing unstructured
protein regions. We tested whether the detected
differences in secondary structure and stability
imply different sensitivities to proteolysis. Mass
spectrometry analysis after prolonged proteinase K
treatment indicates that, in all three cases, essen-
tially all of the peptide sequences are protected
from digestion (2175 Da) (Supporting Information,
Fig. 54). In the case of DESIGN, small amounts of
peptide fragment 8-20 (1458 Da), peptide fragment
3-15 (1478 Da), and peptide fragment 6-20
(1660 Da) could be detected, which might suggest
a slightly reduced protection of peptide tails in the
fibrils.

Fibril formation kinetics of IAPP peptides

We studied the temperature dependence of the
fibril nucleation rate constant (k,,) and the elongation
rate constant (k.) to decipher if IAPP peptides
aggregate through different pathways. After the
conversion of peptides into amyloid structures, the
increase in Th-T fluorescence signal was monitored.*
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Table 2. Secondary structure bands in the deconvoluted absorbance FTIR spectra of WT, RETRO, and DESIGN

aggregated peptide solutions

Bands (cm™ 1) Initial area® (%) Final area“ (%) Structure
WT 1626, 1625 8 36 3-Sheet (inter)
1656 65 ND Loop/turn/bend /helix
1670 ND 40 p-Turn
1683, 1686 24 16 p-Turn
1697, 1697 3 8 -Sheet/pB-turn
RETRO 1629, 1628 6 11 {3-Sheet (inter)
1654, 1655 64 57 Loop/turn/bend /helix
1681, 1683 28 26 p-Turn
1698, 1698 2 6 -Sheet/p-turn
DESIGN 1624 ND 11 {3-Sheet (inter)
1632, 1633 7 10 -Sheet (intra)
1654 55 ND Loop/turn/bend /helix
1679, 1673 35 75 p-Turn
1698, 1698 3 5 p-Sheet/ p-turn

ND, corresponding band not detected at this time point.

* The positions of the bands in IAPP peptide solutions 5 min after the initiation of the aggregation reaction are shown in regular font.
Those detected after 24 h of reaction, wherein the presence of abundant fibrils is evident in all solutions, are shown in boldface.

 Area of the bands in TAPP peptide solutions 5 min after the initiation of the aggregation reaction.

¢ Area of the bands in IAPP peptide solutions 24 h after the initiation of the aggregation reaction.

Plotting the absolute fluorescence at 480 nm against
time results in sigmoidal curves that are character-
ized by three kinetic steps: a lag phase, an
exponential growth phase, and a plateau phase.
This sigmoidal curve resembles the behavior found
in the polymerization of other amyloidogenic pro-
teins and is best described by the nucleation-
dependent polymerization model.**** In all cases,
the lag phase, the conformational transition rate, and
the complete reaction time were sensitive to temper-
ature (Fig. 7). Table S2 of Supporting Information
summarizes the values obtained at each temperature
for the different peptides. The k,, for WT is 3.7 times
higher than the k,, for RETRO and 17.4 times higher
than the k,, for DESIGN. Differences in the elongation
step were also detected, with the k. values of WT
being 4.0 and 9.5 times higher than the k. values of
RETRO and DESIGN, respectively. As a result of
accelerated nucleation and elongation rates, the
fibrillization reaction of WT is completed ~4 and
~15 times faster than in the RETRO and DESIGN
peptides, respectively.

Not only are k, and k. different between IAPP
peptides but they also exhibit different dependences
on the temperature. For WT, RETRO, and DESIGN,
k, increments by factors of 7.4, 1.1, and 2.5,
respectively, when temperature is increased from
37 to 49 °C (Supporting Information, Table S2). The
ke values for the WT, RETRO, and DESIGN peptides
are increased by multiples of 1.6, 3.6, and 3.2,
respectively, in the same temperature range. This
differential effect of temperature on the rate con-
stants suggests that the species involved in the
different aggregation pathways possess different
conformational properties.

Energy barriers to IAPP peptides in amyloid
fibril elongation

We calculated the activation energies (Ep) (see
Materials and Methods) for elongation reactions
(Table 4). For WT, an E, of 24.38 k] mol™! was
calculated, suggesting a diffusion-controlled
process.*! For the RETRO and DESIGN peptides,
E A values of 69.73 and 78.45 k] mol ™! were obtained,
respectively. Such high values of E5 suggest that
significant conformational changes are associated
with fibril elongation in these cases. To estimate the
relative contributions of activation enthalpy and
entropy to the elongation rates, we applied the
transition-state theory (see Materials and Methods).
The thermodynamic parameters derived from the
analysis are shown in Table 4. The higher enthalpic
terms and the positive entropy values for RETRO
and DESIGN elongation reactions confirm that their
fibrillation pathways differ significantly from that of
the WT peptide.

Seeding of amyloid formation in IAPP peptides

The rate of fibril formation by an amyloidogenic
protein is enhanced by the addition of preformed
fibrils, a phenomenon known as seeding. Seeding
displays a high specificity, and protein aggregation
can be nucleated by homologous fibrils, but not by
fibrils from unrelated proteins.** Seeding and cross-
seeding experiments were performed to test if this
selectivity also applies in the case of IAPP peptides.
The aggregation reactions were performed at 15 pM
for initially soluble peptide concentrations in the
absence or in the presence of 1.5 uM preformed
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Fig. 5. Specific dye binding to WT, RETRO, and
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upon binding to aggregated peptides monitored by UV/
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homologous or heterologous fibrils (Fig. 8). The
assays were performed at 25, 37 , and 49 °C for the
WT, RETRO, and DESIGN peptides, respectively, to
obtain similar reaction times. In all cases, the
presence of preformed homologous fibrils shortened
the lag phase, increased k,, and reduced the total
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Fig. 6. Conformational stability of WT, RETRO, and
DESIGN amyloid fibrils. Equilibrium Gdn-HCI denatur-
ation curves for amyloid fibrils at pH 5.5 and 25 °C
monitored by changes in Th-T relative fluorescence at
480 nm upon excitation at 445 nm. The fraction of
denatured fibrils (a) and the changes in AG# (b) as a
function of Gdn-HCl concentration are shown. The
thermodynamic parameters are given in Table 3.

time of the reaction (Supporting Information, Table
S3). Importantly, in all of the cases, the presence of
preformed heterologous amyloid fibrils had a
negligible effect on the kinetic parameters of the
fibrillization reaction, indicating that cross-seeding
was absent; therefore, there were no specific inter-
actions between the sequentially related IAPP
amyloid peptides and/or the compositionally relat-
ed IAPP amyloid peptides.

Table 3. Thermodynamic fibril denaturation parameters
at pH 5.5 and 25 °C

WT RETRO DESIGN
m (k] M~ mol™ 1) 449+0.01  532+052  7.24+0.48
1y 72 (M)° 1.348+0.003 1.928+0.008 2.623+0.017
AG (H,0) (k] mol™')°  6.06+0.03 10.25+1.04 18.99+1.39

? Dependence of the Gibbs energy of fibril denaturation with
Gdn-HCl.

 Midpoint of fibril denaturation with Gdn-HCl.

¢ Gibbs energy for fibril denaturation.
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represented as a function of time. The aggregation
reactions have been performed at 13 °C (red), 25 °C
(pink), 37 °C (green), and 49 °C (blue) with agitation.

Cytotoxicity of the amyloid fibrils formed by
IAPP peptides

Human IAPP is among the most amyloidogenic
peptides known, and its fibrils have been found to be
cytotoxic to a variety of cell types.*’ To explore if the
different conformational features of IAPP peptides
fibrils provide them with different cytotoxicities, we
assayed their effect on cultured neuroblastoma cells
from the SH-SY5Y cell line at 10 uM concentration
after a 48-h exposure. All amyloid preparations
decreased cell viability. However, WT fibrils were

less cytotoxic than RETRO fibrils and especially
DESIGN fibrils, which reduced cellular viability to
~40% of that in the control culture (Fig. 9). Similar
trends in the viability of SH-SY5Y cells were
observed after a 24-h exposure to IAPP peptides
fibrils (data not shown).

Discussion

In the present work, we have addressed the
influence of the primary sequence and amino acid
composition on the assembly pathway, conformation,
and function of amyloid fibrils by using a domain of
the diabetes-associated IAPP peptides as model.

The molecular interactions driving protein aggre-
gation are thought to be mechanistically related to
those shaping protein folding routes.** Nucleation
of amyloid fibril growth involves the formation of a
series of high-energy oligomers. Oligomers of
sufficient size slowly convert into fibril nuclei,
which then permit rapid elongation by the addition
of monomers to the ends of the fibrils. The lag phase
reflects the time required for the formation of such
nuclei. The collapse of hydrophobic residues inside
a buried core appears as a crucial event in the
initiation of protein folding;*** similarly, a “coa-
lescence and reorganization” model has been
recently proposed for amyloid formation.*°' In
this model, the self-assembly process is initiated by
hydrophobic collapse and followed by molecular
reorganization to form a more stable oligomer that
displays a hydrogen-bonded core and exposes the
initially buried hydrophobic side chains. The effect
of polypeptide hydrophobicity on the initial steps of
aggregation appears to be modulated by the
distribution of nonpolar residues in the sequence.
In this way, sequences with alternation between
hydrophobic residues and hydrophilic residues™
have been shown to act as nucleating regions for
amyloid assembly.'*'>>*** Also, Monsellier et al.
recently showed that the progressive clustering of
the most hydrophobic/amyloidogenic residues in a
sequence results in increased elongation rates and
shorter lag phases.'® Clustering of aggregation-
prone residues might, on one hand, strengthen
intermolecular interactions between monomers,
resulting in the formation of small critical nuclei,
and, on the other hand, increase the probability of

Table 4. Thermodynamic parameters of the elongation
phase of WT, RETRO, and DESIGN amyloid fibril formation

WT RETRO DESIGN
Ex (k] mol™ ) 24.38 69.73 78.45
AH* (k] mol™ ) 22.08 67.42 76.15
AS* J K™Y —63.04 71.12 90.61
TAS* (k] mol™ ) -18.79 21.19 27.00
AGaos* (k] mol™ 1) 40.86 46.23 49.15
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DESIGN peptides, respectively, with agitation.

productive collisions between monomers. These two
effects would result in faster nucleation reactions.'®
This mechanism might explain why DESIGN, in
which amyloidogenic residues are more scattered
throughout the sequence than in the WT and
RETRO sequences, displays the longest lag phase

Viability (%)
z

Contral WT  RETRO DESIGHN

Fig. 9. Viability analysis of SH-SY5Y cells exposed to
WT, RETRO, and DESIGN amyloid fibrils for 48 h. Error
bars indicate +SE (n=6). One hundred percent cell
viability was assigned to control samples corresponding
to cells incubated in peptide free DMEM.

and the lowest elongation rate among the analyzed
IAPP peptides. The slow aggregation process of the
DESIGN peptide is captured by the different
prediction algorithms used in the present study,
which in all cases predict aggregation propensities
below the respective thresholds and indicate that the
programs are sensitive to fibril formation rates.
Nevertheless, DESIGN does finally slowly self-
assemble into amyloid-like conformations. This
indicates that even when the aggregation propensity
of a polypeptide is intrinsically low, it might still
explore conformational landscapes, leading to self-
assembly into stable macromolecular structures.
The elongation of DESIGN fibrils differs signifi-
cantly from the WT sequence in terms of energy. The
low-energy barrier to the WT sequence indicates a
facilitated diffusion-controlled growth process. This
is in contrast to the high-energy barriers exhibited by
DESIGN, which suggests that the monomer requires
a chemical transformation before it can be accom-
modated at the growing fibril ends. The entropic and
enthalpic contributions to the elongation reactions
are also significantly different. In WT, two cooper-
ative effects of similar magnitude appear to control
fibril formation, as the reaction is unfavorable from
both enthalpic and entropic points of view. In
contrast, the free energy of elongation for DESIGN
results from the difference between a larger activa-
tion energy and a favorable entropic contribution. In
this case, the activated and inactive states signifi-
cantly differ in energy. The different aggregation
landscapes explored by the WT and DESIGN
peptides, which share a common amino acid
composition, result in the formation of macromolec-
ular structures that differ in secondary structure
content, stability, dye binding properties, and
toxicity. These differences provide further support
to the view that the distribution of side chains in the
sequence, as it occurs in protein folding, plays a
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pivotal role in determining the conformational
features of the aggregated state and the way in
which this state is reached from the initial mono-
meric state.

The amino acid sequence has a definite direction-
ality, with the backbone of peptidic bonds running
through the sequence from the N-terminus to the C-
terminus. This implies that if one retains the sequence
of side chains but reverses the direction in which the
backbone runs through the sequence, an entirely new
protein would be obtained. Still, this protein would
retain the exact sequence of side chains and,
accordingly, the same hydrophobic/hydrophilic pat-
tern and clustering of amyloidogenic residues, which
are two properties that, as discussed above, might
determine both the structural properties of the
aggregated state and the self-assembly pathway.
Although the effect of retro transformations on the
folding and native structure of protems has been
studied for different protein models,** the effect on
the process of amyloid formation has remained
essentially unexplored; the WT/RETRO pair is one
of the few systems for which it has been characterized.

The lag phase for amyloid formation is signifi-
cantly longer in RETRO than in WT, indicating that
backbone reversal promotes conformational differ-
ences as early as the nucleation stage and at either
the monomeric level or the oligomeric level. The
population of structurally different species during
the nucleation of RETRO and WT is further
supported by the strikingly different dependences
of their respective nucleation rates on temperature.
The p-sheet conformation is the basic structural
element of most amyloid fibrils and ordered
oligomers.” It is important to consider how this
conformation will respond to the changes in
dihedral angles caused by a retro transformation.
This question can be addressed by considering the
coordinates of any point from within the region
defining the p-structure in the Ramachandran plot
and by transforming its dihedral angles to see where
it lies after the transformation.” ™ It turns out that the
coordinates of most transformed points continue to
lie within the same region of the map. Thus, a retro
version would appear to be able to conserve the -
sheet structure if the original protein populates such
a conformation. Our data argue that other proper-
ties, in addition to hydrophobic profile and linear -
sheet propensities, are relevant to the formation of
the initial self-assembly-competent conformations of
the WT and RETRO peptides. The differences
between the nucleation stages of these two poly-
peptides can be understood if the initial self-
assembly of one or both of these fragments does
not occur from an initial extended linear conforma-
tion but instead contains one or more turns. Unlike
in P-sheets, turn regions read backwards would
result in turn propensities rarely observed in natural
proteins,” implying that WT and RETRO could not

share a similar initial overall conformation and,
therefore, would likely display different conforma-
tional tendencies to pack into amyloid tertiary and/
or quaternary structures. Accordingly, not only the
nucleation step but also the elongation step of WT
and RETRO amyloid formation are different, at least
in energetic terms. The elongation of RETRO
mechanistically resembles that of DESIGN in both
the relative contribution of enthalpic and entropic
factors and the high-energy barrier present in the
elongation reaction. These similarities indicate that,
in contrast to WT, the active and inactive states of
RETRO significantly differ in energy. To the best of
our knowledge, RETRO and DESIGN represent the
only amyloidogenic nonnatural sequences for which
the energy barriers to amyloid formation have been
calculated. It is attractive to envision, although
speculative, that the self-assembly reactions of
natural sequences might be kinetically optimized
relative to those of nonnatural proteins. This
efficiency would result from the fact that the
intramolecular folding of functional globular pro-
teins and the intermolecular assembly of toxic
amyloid structures rely ultimately on the same
type of chemical interactions and physical laws;
therefore, folding cannot be opt1m1zed by evolution
independently of aggregation.”

Overall, the different aggregation pathways fol-
lowed by WT and RETRO result in the formation of
conformationally unrelated fibrils, as demonstrated
by their different secondary structure contents,
resistance to chemical denaturation, binding to CR
or Th-T, and cytotoxicities. Accordingly, none of the
preformed fibrils is able to cross-seed the aggrega-
tion of the reverted peptide. Although other peptide
models should be analyzed to confirm this view, our
data suggest that even though the succession of side
chains is a major determinant of the ordered
aggregation of a polypeptide, the amyloid fibrils
formed by a natural protein and its retro version are
probably not any more similar in structure than
those formed by two sequentially unrelated amy-
loidogenic peptides. Importantly, the computational
approaches used failed to predict the relative
aggregation properties of the RETRO and WT
peptides and indicated that the algorithms are
mostly insensitive to chain direction. The reason
for this mistaken insensitivity is that, in general,
aggregation prediction algorithms analyze the self-
assembly properties of linear amino acid sequences
without taking into account the effects of backbone
reversal at the conformational level, either in the
nucleation stage or in the elongation stage of the
aggregation process. Although, in principle, the
integration of fast secondary structure predictions
into these programs might be useful for this task, it
turns out that most of these predictions are also
insensitive to the direction of the polypeptide chain,
implying that more complex and time-consuming
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structurally based approaches should be implemen-
ted to refine aggregation propensity predictions.
Interestingly enough, the first steps in this direction
have already been taken with notable success.””

Materials and Methods

Peptides and preparation

WT (QRLANFLVHSSNNFGAILSS), RETRO
(SSLIAGFNNSSHVLFNALRQ), and DESIGN (LIQ-
SAFGNNVHLSRFENSSAL) peptides were obtained from
EZ Biolab, Inc. (Carmel, IN). The identity and homogene-
ity of the peptides were reevaluated in our laboratory by
an Ultraflex MALDI-TOF mass spectrometer (Bruker
Daltonics) operating in linear mode under 20 kV and
were found to be >95% in all cases, in accordance with the
manufacturer's specifications. Peptide stock solution was
prepared at 5 mM in 1,1,1,3,3,3-hexafluoro-2-propanol,
centrifuged at 15,000¢ and 4 °C for 15 min, and, finally,
filtered through Millex-GV 0. 22-pm filters in order to
remove the possible residual quantity of high aggregates.
Stock solutions were divided into aliquots (20 uL per
Eppendorf tube), and 1,1,1,3,3,3-hexafluoro-2-propanol
was removed by evaporation under a gentle stream of
nitrogen, leaving a slight film. Finally, the samples were
stored at —80 °C. When required, the samples were
resuspended in 50 pL of anhydrous dimethyl sulfoxide
and sonicated for 10 min. Sonication was crucial for
removing any trace of undissolved seeds that may resist
solubilization. This preparation yielded amylins in mono-
meric form. Aliquots of amylins were added to 100 uM
acetate buffer (pH 5.5) and 850 pM MilliQ water, yielding
a final peptide concentration of 100 pM.

Prediction of amyloid sequence stretches and
aggregation propensities

Theoretical aggregation-prone regions in WT, RETRO,
and DESIGN were predicted using three different meth-
ods: (1) TANGOY,? which is based on the physicochemical
principles underlying B-sheet formation, extended by the
assumption that the core regions of an aggregate are fully
buried; (2) AGGRESCANS,*® which uses an aggregation
propensity scale for natural amino acids derived from in
vivo experiments; and (3) the approach developed by
Zhang et al.”® (here named PRE-AMYL|), which uses the
microcrystal fibrillar structure of the prion hexapeptide
NNQOQONY® as template and a residue-based statistical
potential to identify amyloidogenic fragments of proteins.

Search for homologous natural sequences

Homology searches were performed, using BLASTpY|,
against a database of nonredundant protein sequences

{http:/ /tango.crg.es/

§ http:/ /bioinf.uab.es/aggrescan/

|| ftp:/ /mdLipc.pku.edu.cn/pub/software/pre-amyl/
Shttp:/ /www.ncbinlm.nih.gov/

(nr). The best expectation (E) value for WT is 10~ ?, since it
corresponds to the natural human IAPP sequence. In
contrast, RETRO and DESIGN sequences rendered the
best E values of 2.4 and 26, respectively, indicating that no
significantly homologous sequences exist in nature.

Secondary structure determination

Attenuated total reflectance (ATR) FTIR analysis was
performed using a Bruker Tensor 27 FTIR Spectrometer
(Bruker Optics, Inc.) with a Golden Gate MKII ATR
accessory. Each spectrum consists of 20 independent
scans, measured at a spectral resolution of 2 cm™* within
the range 1800-1500 cm™'. All spectral data were acquired
and normalized using the OPUS MIR Tensor 27 software.
Second derivatives of the spectra were used to determine
the frequencies at which the different spectral components
were located.

Chemical denaturation

Protein stability in the presence of Gdn-HCIl was
studied at pH 5.5. The fraction of denatured protein (fp)
was calculated from fitted values using the equation fp=1
- ((yp-v)/ (Yyp—yn)), where yp and yy are the fluorescence
maximum wavelengths of the denatured and native
proteins, respectively, and y is the fluorescence maximum
wavelength of protein as a function of denaturant
concentration. A nonlinear least-squares analysis was
used to fit the denaturation curves to the equation:

(yn + mn[D]) + (yp + mp[D])elA(Pl=m2)/RT}
14+ e{A([D]—ml/z)/RT}

where y represents the observed Th-T relative fluorescence
emission at 480 nm upon excitation at 445 nm, yy and yp
are the intercepts of the pretransition and posttransition
baselines, my and myp, are the slopes of the pretransition
and posttransition baselines, [D] is the Gdn-HCI concen-
tration, m; /; is the GdAn—HCl concentration at the midpoint
of the curve, and A is a constant generated by the fitting.>

fo=

Limited proteolysis

Aggregated peptides (35 ug mL™') were digested with
35 g mL™! proteinase K (pH 7) in phosphate-buffered
saline for 60 min at 37 °C. Reactions were stopped by the
addition of 2 vol of urea at 10 M. Then the samples were
diluted in MilliQ water and analyzed by mass spectrom-
etry following the a-cyano-4-hydroxycinnamic acid af-
finity sample preparation protocol with a  600-um
AnchorChip™ MALDI sample support in an Ultraflex
MALDI-TOF spectrometer (Bruker Daltonics).

Th-T binding assays

Th-T binding to different aggregated peptides was
measured on a Varian spectrofluorometer (Cary Eclipse)
from 470 to 570 nm at 25 °C using an excitation wavelength
of 445 nm. A slit width of 5 nm was used, and the
maximum of emission (at 480 nm) was recorded. A fixed
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amount of Th-T or peptide was mixed with varying
concentrations of peptide and Th-T, respectively. Aggre-
gated peptide binding was calculated using the typical
one-site binding equation (saturation binding curve): y=
(Bmaxx)/ (Kq+x), where y is concentration of Th-T bound to
peptides, By is the maximum number of binding sites
expressed in concentration, x is the Th-T concentration,
and Ky is the process constant.

CR binding assays

CR interaction with different aggregated peptides was
recorded using a Cary 100 (Varian) UV/Vis spectropho-
tometer in the range 375-675 nm using a matched pair of
quartz cuvettes of 1 cm optical length placed in a
thermostated cell holder at 25 °C. A fixed amount of CR
or peptide was mixed with varying concentrations of
peptide and CR, respectively. In order to detect a typical
amyloid band at ~541 nm, we analyzed the differential
CR spectrum. Aggregated peptide binding was calculated
using the typical one-site binding equation, as previously
indicated for Th-T binding.

Atomic force microscopy

Images of the fibrils formed by the WT, RETRO, and
DESIGN peptides were obtained with a multimode atomic
force microscope (Veeco Instruments, Inc., Santa Barbara,
CA) equipped with a 12-um scanner (E-scanner). The
images were taken in liquid media using a liquid cell
without the O-ring seal. About 50 puL of peptide solution
was deposited on cleaved HOPG (NT-MDT Co., Moscow,
Russia) and allowed to adsorb for about 20 min before the
measurements were started. The peptide samples had
been previously centrifuged and resuspended in double-
deionized water after the removal of the supernatant. This
process was carried out three times to eliminate dimethyl
sulfoxide from the incubation buffer, which was observed
to adsorb on HOPG. Veeco NP-S probes were used to scan

the samples in tapping mode at a scan rate of 0.5 or 1 Hz.

Transmission electron microscopy

Fibrillar peptide suspensions were centrifuged, and the
insoluble part was resuspended in water, placed on
carbon-coated copper grids, and left for 5 min. The
grids were then washed twice with distilled water, stained
with 2% (wt/vol) uranyl acetate for another 2 min, and
washed with distilled water before analysis with a Hitachi
H-7000 transmission electron microscope operating at an
accelerating voltage of 75 kV.

Aggregation, seeding, and cross-seeding tests

Peptide aggregation from a soluble monomer was
monitored by measuring the transition from the nonag-
gregated state to the aggregated state by relative Th-T
fluorescence at 480 nm upon excitation at 445 nm. In the
seeding and cross-seeding assays, a solution of aggregated
peptides (representing 10% of monomer peptide) was also
added. All experiments were carried out with a soluble
monomer concentration of 15 uM.

The peptide aggregation process may be studied as an
autocatalytic reaction® using the equation:

{e[ + p)kt] _ }
f= T+ plell + M} 2)

under the boundary conditions of t=0 and f=0, where
k=kea (a is the protein concentration) and p represents the
dimensionless value describing the ratio of k, to k.%” By
nonlinear regression of f (aggregated fraction) against ¢
(time; in minutes), values of p and k can be easily obtained
and, from them, the rate constants k. (elongation constant)
and k, (nucleation constant). The extrapolation of the
growth portion of the sigmoid curve to abscissa (f=0) and
to the highest ordinate value of the fitted plot afforded
two values of time (t; and t;), which correspond to the lag
time and the time at which the aggregation was almost
completed.

Determination of thermodynamic parameters

When the logarithm of the elongation rate constant is
represented as a function of inverse temperature, these
data points fit well with a straight line, suggesting that
both processes follow the Arrhenius law:

k= Ae FA/RT (3)

where A is the preexponential or frequency factor, E4 is
the activation energy, and T is the absolute temperature
(in Kelvin). Taking the natural log of both sides of Eq. (1),
one obtains:

Ink= —Es/RT +InA (4)

By plotting In k versus 1/T, one obtains a linear
relationship, and one can determine E5 from the slope
(-EA/R) and A from the y-intercept.

In order to estimate the relative contributions of
activation enthalpy and entropy to the elongatlon rate,
we have applied the transition-state theory.®' The elonga-
tion rate can be expressed as:

ke = Kle~4G"/haT (5)

where k. is the elongation rate, k2 is the preexponential
factor for the elongation rate, AG* is the standard Gibbs
free energy of activation, and kg is the Boltzmann factor.
From the theory, we can assume that k” is proportional to
the number concentration and DRy, where D=kgT/
(6mmRy) is the diffusion coefficient of an object whose
sphere of influence is Ry and with medium viscosity .
The preexponential factors can be expressed as:

1.33kgTN 4
n

where N, is the Avogadro number and c is the molar
concentration.

The order of magnitude of both enthalpy cost and
entropy cost associated with the elongation process can be
estimated from the expression:

k) =

e

(6)

Naksln (:0) = AS* — AH*T 7)
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The Gibbs free energy of activation can be determined by:
AG* = AH* — TAS* (8)

Cell viability assays

The toxicity of fibrils was tested on cultured neuroblas-
toma cells (SH -SY5Y cell line). Cells were plated at
50,000 cells mL~" on 96-well plates in 100 uL of Dulbecco's
modified Eagle's medium (DMEM,; Blologlcal Industries,
Israel) supplemented w1th 45mg L' D—glucose 2mML-
glutamme 50 pg mL™! penicillin, 50 pg mL™! strepto-
mycin, and 10% fetal bovine serum. After 24 h of
incubation at 37 °C and 5% CO, atmosphere, the medium
was substituted with 90 pL of peptide-containing solu-
tions prepared by a 10x dilution of 100 uM aggregated
peptide samples in DMEM. Incubation was resumed for
24 or 48 h. Then, 10 pL of 4-[3-(4-iodophenyl)-2-(4-
nitrophenyl)-2H-5-tetrazolio]-1,3-benzene disulfonate la-
belling reagent (Roche Diagnostics GmbH, Germany) was
added to each well, and the plate was incubated under the
same conditions for 1 h. The tetrazolium salt 4-[3-(4-
iodophenyl)-2-(4-nitrophenyl)-2H-5-tetrazolio]-1,3-ben-
zene disulfonate labelling reagent was cleaved to for-
mazan by mitochondrial dehydrogenases. The amount of
formazan dye formed is a measure of enzyme activity,
which directly correlates with the number of metabolically
active cells in the culture. Formazan dye formation was
quantified by measuring the absorbance of the samples
(prepared in sextuplicate for each experiment) at 440 nm
and 37 °C using a Benchmark Plus Microplate Spectro-
photometer (Bio-Rad Laboratories). One hundred percent
cell viability was assigned to the absorbance of the control
samples of cells incubated in peptide-free DMEM.
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ABSTRACT: SUMO proteins belong to the Ubiquitin-like
protein family, all sharing a common fold and a similar
mechanism of conjugation to target polypeptides. SUMO is
ubiquitous in all eukaryotes and participates in many crucial
pathways. Native SUMO proteins are highly soluble, a
property that is exploited in biotechnology. Moreover,
SUMO regulates the solubility of aggregation-prone proteins
in neurodegenerative disorders. Despite these properties, we
show here that human SUMOI1, SUMO2, and SUMO3
proteins are at risk of aggregation into amyloid structures if

Amyloid-dile tramsiormabion of SUMO profeins
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their native conformation is perturbed. Aggregation is mediated by specific regions, which overlap with SUMO functional
interfaces, illustrating a competition between function and aggregation. Aggregation of SUMOs might have important
physiological implications because disruption of the SUMO pathway is lethal in different organisms. It appears that functional
constraints make it difficult to avoid the competition between productive folding and deleterious aggregation in globular proteins,

even for essential polypeptides.

B INTRODUCTION

To function, the large majority of proteins need to fold into a
specific 3D conformation.! Only properly folded proteins
remain soluble in the crowded cellular environment and are
able to interact specifically with their targets.” The failure of
proteins to fold properly, or to remain correctly folded, is
associated with the impairment of essential cellular processes
and is behind a wide range of human disorders in which
proteins interact aberrantly to form insoluble aggregates.” The
proteins involved in such pathologies are not sequentially or
structurally related but in most cases self-assemble into amyloid
fibrils, sharing a common cross-f-sheet motif.* Importantly,
increasing evidence suggest that the ability to assemble into
highly organized amyloid-like structures is not an unusual
feature exhibited by a reduced set of proteins with special
sequential or structural properties but rather a property shared
by most, if not all, polypeptides occurring in both prokaryotic
and eukaryotic organisms.”~’ This implies that in addition to
the native fold it would exist an alternative, stable, and ordered
state accessible to all proteins. It appears that the set of
noncovalent interactions that stabilize the native structure are
also responsible for the formation of amyloids.® Therefore, both
states compete within the cell, resulting in normal or aberrant
biological behavior depending on whether the native or the
aggregated state is populated.

The propensity to form amyloid structures is linked to both
the sequential and conformational properties of proteins. As a

- ACS Publications  © 2012 American Chemical Society 1916

general trend, evolution has endorsed globular proteins with
solubility in their biological environments. However, when the
stability of their native state is compromised and they become
partially or completely unfolded they might expose previously
protected aggregation-prone regions able to nucleate the
fibrillation process.”'® Such amyloidogenic regions have been
identified in most of the proteins involved in neurodegenerative
and systemic amyloidogenic diseases.''”'* There is now
evidence that protein sequences have evolved to minimize
their aggregation propensity.>~'® This selective pressure is
especially strong for proteins that exert essential cellular
functions."”™>' However, even globular proteins selected to
be highly soluble might contain aggregation-“sensitive”
stretches in their sequences because they seem to be also
important in the folding of proteins into compact and stable
conformations. In this sense, it has been recently shown that
ubiquitin, a key player in eukaryotic intracellular protein
degradation, which is considered to be a thermostable and very
soluble globular protein, forms amyloid fibrils when its
conformational stability is compromised.”

SUMO belongs to the Ubiquitin-like (Ubl) protein family.
The Ubl protein family are small size (~10 KDa) post-
translational modifiers, which are attached to protein substrates
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Figure 1. Structural comparison of SUMO1 and SUMO?2. (a) Ribbon representation of the structures of SUMOL1 (blue), SUMO?2 (red), and the
overlapping between SUMO1 and SUMO2. Labels represent the secondary structure elements and the N- and C-termini. (b) Structural alignment of
sequences of SUMO1, SUMO?2, and SUMO3. Residues in bold correspond to predicted amyloidogenic regions. Boxed sequences correspond to

regions protected from proteolysis in the aggregated state.

via an isopeptide bond between its C-terminal glycine and a
lysine residue of the substrate.”® Despite the low degree of
sequence homology displayed between the members of the
family, they all share a common protein fold and a similar
mechanism of conjugation. SUMO is the second most studied
member of the Ubl family and can be attached to protein
substrates via an enzymatic cascade of three enzymes (E1-E2-
E3,) which is analogous to that in ub1qu1t1n, and leads to the
formation of the isopeptide bond.”* This sumoylation process
can be reversed by the action of specific SUMO proteases. In
contrast with ubiquitin, which is mainly known in protein
degradation via the 26S-proteasome, SUMO participates in a
great variety of cellular processes, often by regulating protein—
protein or protein—DNA interactions. Such processes include
transcriptional regulation, nuclear transport, apoptosis, protein
stability, maintenance of genome integrity, response to stress,
signal transduction, and cell-cycle progression.”>**~*” SUMO is
present in all eukaryotes and has been proven to be essential in
many organisms; that is, in Saccharomyces cerevisiae, defects in
the sumoylation machinery lead to cell cycle arrest during the
G2-M phase transition.”®

In humans there are four different SUMO isoforms, SUMO]1,
SUMO2, SUMO3, and SUMO4. SUMO2 and SUMO3 are
highly homologous, with an overall sequence identity of 95%
and displaying sequence variation only in the N- and C-
terminal extensions (they are sometimes referred as SUMO2/
3) (Figure 1). In contrast SUMO1 shares only 43% of sequence
identity with either SUMO2 or SUMO3 (Figure 1). SUMO4
does not seem to participate in the formation of conjugates in
vivo, and it might be a pseudogene.” It has recently been
shown that SUMO isoforms, namely, SUMO1 and SUMO2/3,
are not redundant in the cell, some substrates can be exclusively
modified by SUMOL1 or by SUMO2/3, whereas some other
substrates can be modified by both SUMO isoforms. In many
cases, the biochemical regulation of this SUMO isoform
specificity has not yet been revealed; presumably, the
availability of the SUMO isoforms in the cell, the specific
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conjugation by the E3 SUMO ligase, or both may play a role in
those processes.

Recent reports indicate that SUMO conjugation favors
protein solubility.’*** SUMO has been involved recently in
the regulation of the solubility of aggregation-prone proteins in
neurodegenerative/conformational diseases. In this way, a-
synuclein sumoylation inhibits its aggregation and toxicity,
suggesting that defects in the SUMO pathway may contribute
to the onset of aggregation-promoted disorders.** Because of
their high stability and solubility, ubiquitin and SUMO proteins
have become popular tags to enhance the recombinant protein
expression and solubility in both prokaryotic and eukaryotic
systems.>> Here we show that despite these intrinsic properties,
like ubiquitin, human SUMO proteins can form amyloid-like
structures when their native structures are perturbed.

B MATERIALS AND METHODS

SUMO Expression and Purification. Human A17-SUMO1
(residues 18—101), A14-SUMO2 (residues 15—95), and A13-
SUMO3 (residues 14—103) named here as SUMOI1, 2 and 3,
respectively, were cloned into pET-28b to encode an N-terminal
thrombin-cleavable hexahistidine fusion protein. Plasmids were
transformed into Escherichia coli BL21(DE3) cells. Cultures were
fermented in lysogeny broth (LB) medium at 37 °C to an ODgggn, Of
0.5 to 0.6 before induction with 1 mM isopropyl-1-thio-f-p-
galactopyranoside (IPTG) for 3 h at 37 °C; then, the cultures were
centrifuged and the cell pellets were frozen at —20 °C. After cell lysis,
SUMO proteins were purified under native conditions by affinity
chromatography on a FF-Histrap histidine-tag resin (Amersham
Biosicences, Uppsala, Sweden) using the required washing (20 mM
Tris-HCl at pH 8, 0.5 M NaCl, 20 mM imidazole) and elution (20
mM Tris-HCl at pH 8, 0.5 M NaCl, 500 mM imidazole) buffers. The
buffer was exchanged by gel filtration on a Sephadex G-25 column
(Amersham Biosciences, Uppsala, Sweden) to phosphate-buffered
saline (PBS) at a protein concentration of 2 mg-mL™". To cleave the
histidine-tag, we incubated SUMO fusions 16 h at room temperature
with thrombin (Amersham Biosciences, Uppsala, Sweden) using 10
units per mg of recombinant protein. Histidine-tags were separated by
gel filtration on a Sephadex G-25 column, and thrombin was removed
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by filtration on Vivaspin 30 000 MWCO PES filter (Sartorius, Viva
Science, Inc., Germany), where it is retained.

Secondary Structure Analysis. Circular dichroism (CD) spectra
were measured at a spectral resolution of 1 cm™" and 15 nm-min™"
scan rate and collected over the 200—250 nm wavelength range at 25
°C using a Jasco 810 spectropolarimeter with a quartz cell of 0.1 cm
path length. Protein concentrations were 20 M in PBS.

Attenuated total reflectance Fourier transform infrared spectroscopy
(ATR FT-IR) analysis of SUMO proteins samples, in their soluble and
aggregated states, was carried out using a Bruker Tensor 27 FT-IR
spectrometer (Bruker Optics) with a Golden Gate MKII ATR
accessory. Each spectrum consists of 16 scan accumulations measured
at a spectral resolution of 2 cm™ in a wavelength range between 1700
and 1500 cm™. Infrared spectra were fitted through overlapping
Gaussian curves, and the amplitude, mass center, bandwidth at half of
the maximum amplitude, and area for each Gaussian function were
calculated employing a nonlinear peak-fitting program (PeakFit
package, Systat Software, San Jose, CA).

Intrinsic Fluorescence. SUMO proteins fluorescence was
measured in a Varian Cary Eclipse spectrofluorometer using an
excitation wavelength of 275 nm and collecting the emission spectra
between 280 and 380 nm. Slit widths were typically S nm for excitation
and 10 nm for emission. Spectra were acquired at 1 nm intervals, 600
nm'min~"' rate, and 0.1 s averaging time. Protein concentrations were
20 uM in PBS.

Thermal Denaturation. Thermal denaturation was monitored by
following CD signal at 217 nm and the intrinsic Tyr fluorescence
(measuring Tyr emission at 305 nm after excitation at 275 nm) with a
0.1 °C temperature pitch and 2 min of temperature equilibration lapse
between measures. Experimental data were fitted to a two-state
transition curve, whose signals for the folded and unfolded states are
dependent on the temperature, using the nonlinear least-squares
algorithm provided with Prism (PeakFit package). Protein concen-
trations were 20 uM in PBS.

Amyloid-Specific Dye Staining. Congo-Red (CR) binding to
SUMO aggregates obtained upon incubation at their melting
temperature under agitation was recorded using a Cary-100 Varian
spectrophotometer (Varian, Palo Alto, CA) in the 375—675 nm
wavelength range using a matched pair of quartz cuvettes of 1 cm
optical length placed in a thermostatted cell holder at 25 °C. To detect
the typical amyloid band at ~541 nm, differential CR spectra (10 zM)
in the presence and absence of 20 yM of protein were used.

Thioflavin-T (Th-T) binding to SUMO proteins aggregates was
recorded using a Varian spectrofluorometer (Cary Eclipse, Varian)
with an excitation wavelength of 445 nm and an emission range
between 470 and 570 nm. Th-T spectra at 25 uM in the absence and
presence of 20 uM of protein in PBS at 25 °C were recorded. For
optical microscopy analysis, SUMO proteins were incubated for 1 h in
the presence of 125 uM of Thioflavin-S (Th—S), and the precipitated
fractions, obtained by centrifugation at 14 000g for S min, were
resuspended in PBS and placed on a microscope slide and sealed. Th—
S fluorescence images of SUMO aggregates were obtained at 40-fold
magnification under UV light with a fluorescence microscope (Leica
Microsystems, Mannheim, Germany).

Bis-ANS Binding. The binding of 1 yM 4,4"bis(1-anilinonaph-
thalene 8-sulfonate) (bis-ANS) to SUMO proteins was measured on a
Varian spectrofluorimeter (Cary Eclipse, Palo Alto, CA). The samples,
in PBS, were excited at 370 nm, and emission was measured between
400 and 600 nm with slit widths of S and 10 nm for excitation and
emission, respectively. Thermal transition curves were obtained at a
cooling rate of 1 °C/min by measuring bis-ANS emission at 480 nm
after excitation at 370 nm.

Transmission Electron Microscopy. For negative staining,
aggregated proteins were adsorbed to carbon-coated grids, rinsed
with water, and stained with 2% (w/v) uranyl acetate. The samples
were imaged in a Hitachi H-7000 transmission electron microscope
(TEM) operating at an accelerating voltage of 75 kV.

Aggregation Assay (Seeding and Cross-Seeding Determi-
nations). SUMO aggregation from soluble monomers was monitored
by measuring the transition from nonaggregated to aggregated states
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by relative Th-T fluorescence at 480 nm when exciting at 445 nm. In
the seeding and cross-seeding assays, a solution of aggregated peptides
(representing 10% of soluble SUMO protein) was also added. All
experiments were carried out with a soluble monomer concentration
of 0.2 mg/mL at the temperature of melting (T,,) in PBS.

The SUMO aggregation process may be studied as an autocatalytic
reaction using the equation

3 p{e[(l+/))kt] _ 1}

L+ pleC) 1)

under the boundary condition of t = 0 and f = 0, where k = k.a (where
a is the protein concentration) and p represents the dimensionless
value to describe the ratio of k, to k.*® By nonlinear regression of f
(aggregated fraction) against ¢ (time in minutes), p and k values can be
easily derived, and from them the rate constants, k. (elongation
constant) and k, (nucleation constant), can be derived. The
extrapolation of the growth portion of the sigmoid curve to the
abscissa (f = 0), and to the highest ordinate value of the fitted plot,
afforded two values of time (f, and t;), which correspond to the lag
time and to the time when aggregation is almost completed.

Limited Proteolysis of SUMO Proteins with Proteinase (PK).
Aggregated SUMO proteins at 50 uM were digested with 2.5 ug-mL™"
of proteinase K (PK) in PBS for different times at 37 °C. Reactions
were stopped by the addition of 1/3 volume of 3X SDS-PAGE loading
buffer and heated at 100 °C for 10 min to be analyzed by SDS-PAGE
gels (16% bis-acrilamide). To identify which specific protein regions
were embedded in this core, 50 yM of native or heat-aggregated
SUMO proteins were digested with PK (2.5 ug-mL™") for 30 min at
37 °C in PBS buffer (pH 7.0), and the reactions were stopped by
mixing with 1 volume of 10 M urea to dissolve preformed aggregates.
After 10-fold dilution in milli-Q water, they were analyzed by mass
spectrometry following the a-cyano-4-hydroxycinnamic acid affinity
sample preparation protocol with a 600-um AnchorChip MALDI
sample support in an Ultraflex MALDI-TOF mass spectrometer
(Bruker Daltonics, Germany).

B RESULTS AND DISCUSSION

Spectral Properties of SUMO Proteins. We recombi-
nantly express and purify human SUMOI1, SUMO2, and
SUMOS3 proteins. The native 3D structures of these three
SUMO isoforms have been shown to be highly similar to that
of ubiquitin, all sharing a compact a/f structure consisting of
15% of a-helix, 35—45% of f-sheet, 25—35% of f-turns, and
10—15% of unordered residues®’ > (Figure 1). In Figure 2a,
we show their CD spectra in the far-UV region. The shapes of
the three spectra are similar. As expected, SUMO2 and
SUMO3 exhibit overlapping spectra, whereas SUMO1 exhibits
higher molar ellipticity between 200 and 210 nm. Deconvolu-
tion of the spectra using the K2D3 software®® suggests that the
f-sheet signal (34—45%) is the main contributor to the spectra
of SUMO proteins. However, the spectra deviate from that
expected for a canonical a/f fold. This behavior is frequently
observed in small proteins due to the contribution of aromatic
or unfolded regions to the global spectra.*"**

We further address the secondary structure content of the
three SUMO proteins using FT-IR spectroscopy. The amide I
band essentially corresponds to the absorption of the carbonyl
peptide bond group of the protein main chain and is, therefore,
a sensitive marker of the protein secondary structure. The
absorbance spectra of SUMO2 and SUMO3 are essentially
identical (Figure 2b). Deconvolution of their spectra indicate
that they result from the main contribution of three bands:
1632—1633 cm™' corresponding to intramolecular p-sheet,
1647 cm™' coming from a-helical conformations, and 1673

cm™! attributable to the presence of f-turns. The absorbance
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Figure 2. Spectral properties of native SUMO1 (in blue), SUMO2 (in
red), and SUMO 3 (in green) proteins. Secondary structure followed
by (a) CD and (b) FT-IR and (c) intrinsic fluorescence. Note in panel
b the deconvolution of each SUMO spectrum.

spectrum of SUMOL1 differs from that of SUMO2/SUMO3
(Figure 2b). Although all SUMO proteins share the same
secondary components, in SUMO1 the bands are red-shifted to
1636, 1657, and 1683 cm™".

SUMOL1 contains three tyrosine (Tyr) residues at positions
21, S1, and 91. SUMO 2 has two Tyr at position 51 and 98
(SUMOLI numeration), and SUMO 3 displays a single Tyr
residue at position 51 (SUMOI1 numeration). No tryptophan
residues are found in any of the SUMO proteins. We excite the
different proteins at 275 nm and record their intrinsic
fluorescence spectra between 280 and 380 nm. The shapes of
all spectra are similar, all sharing the characteristic Tyr emission
maximum at 302 nm (Figure 2c).

Thermal Unfolding of SUMO Proteins. The thermal
stabilities of SUMO proteins are analyzed by monitoring Tyr
intrinsic fluorescence and far-UV CD changes at 302 and 217
nm, respectively, from 20 to 95 °C. Because the spectroscopic
analysis confirms previous data indicating that the globular
domains of SUMO2 and SUMO3 are not only sequentially
identical but also share the same structure, we selected only
SUMO?2 for stability analysis. The transition curves from heat-
induced fluorescence emission changes in SUMO proteins are
shown in Figure 3a. The thermal denaturation curves, followed
by far-UV CD, are shown in Figure 3b. In both cases, a single
cooperative transition is observed, and the data can be fitted to
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Figure 3. Thermal unfolding of SUMOL1 (in blue) and SUMO2 (in
red) proteins, followed by (a) intrinsic fluorescence change and (b)
CD.

a two-state temperature-induced unfolding model (R > 0.99).
Moreover, the Ty, values calculated for the two proteins from
the resulting CD and fluorescence curves are identical within
the experimental error, and the corresponding denaturation
curves can be overlapped (data not shown), indicating that the
secondary and tertiary structures are lost simultaneously upon
heating, thus supporting a two-state thermal unfolding
mechanism for the two proteins. These data coincide to
indicate that SUMO?2 is significantly more stable (apparent T,
~ 68 °C) than SUMO1 (apparent T,, & 52 °C) in front of
thermal denaturation.

We explore the presence of exposed hydrophobic clusters in
the native state of SUMO1 and SUMO?2 by measuring their
binding to bis-ANS, a dye that increases its fluorescence
emission upon interaction with these regions.”” Whereas
SUMOL1 exhibits a moderate binding to bis-ANS (Figure 4a),
no binding is detected for SUMO2 (Figure 4b). This is
consistent with the proportion of hydrophobic residues
exposing more than 10% of their side chains surface to solvent
in the two proteins according to the respective crystal
structures: 11% in SUMOI1 and only 6% in SUMO2/
SUMO3 proteins. The bis-ANS binding to SUMOL is lost
upon incubation at 95 °C, supporting the fact that it is a
characteristic of its folded state (Figure 4a). Despite the fact
that no apparent precipitation is observed when heat-unfolded
proteins at 95 °C are cooled to 20 °C at 20 uM concentration,
both SUMO1 and SUMO?2 experience a large increase in their
binding to bis-ANS after this process, indicating that they
cannot fully recover their native states and instead misfold into
species that expose hydrophobic residues previously hidden in
the core of the native structure (Figure 4a,b). Interestingly, this
misfolding process during cooling appears to follow a two-state
mechanism, with midpoint transitions at ~65 and ~60 °C for
SUMOL1 and SUMO2 (Figure 4c), respectively (R > 0.99),
suggesting that the formation of the detected non-native
hydrophobic clusters occurs in a cooperative-like manner. The

dx.doi.org/10.1021/bm3004385 | Biomacromolecules 2012, 13, 1916—1926
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Figure 4. Binding of bis-ANS to soluble SUMO1 and SUMO2
proteins as a function of the temperature. Bis-ANS spectrum of (a)
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and orange), and 20 °C after cooling down (blue and red). (c) SUMO
1 and 2 (in blue and red, respectively) refolding from 95 to 20 °C. The
fit of the data to a two-state cooperative unfolding model is depicted as
a continuous line.

observed midpoint temperatures for bis-ANS binding coincide
with temperatures in which both proteins populate partially
unfolded states, according to CD and fluorescence unfolding
data.

SUMO Proteins Display Predicted Aggregation-Prone
Regions. It is now accepted that specific and continuous
protein segments nucleate amyloid-like reactions and partic-
ipate in the formation of the f-core of the mature fibrils.”"°
Different computational methods have been developed to
predict those sequential stretches.'®** We used here
AGGRESCAN™ and PASTA* two algorithms based on
different principles, to identify if SUMO protein sequences
display regions with potential amyloidogenicity that might act
as specific nucleus in self-assembling reactions. We consider as
potentially amyloidogenic only those regions predicted by both
methods. In SUMO1, we detect stretches spanning residues
21-27 (YIKLKVI) in B-strand 1 and residues 34—38 (IHFKV)
in f-strand 2 (Figure 1). In SUMO 2/SUMO3, we detect a
single region corresponding to residues 32—38 (SVVQFKI) in
p-strand 2 (SUMO1 numeration) (Figure 1). Most of the
hydrophobic residues in the detected regions are at least
partially buried, making difficult the establishment of extensive
intermolecular interactions once the protein acquires its native
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structure, accounting for the solubility of these polypeptides.
However, this does not exclude the fact that upon partial
unfolding and solvent exposure the predicted regions can favor
intermolecular contacts, resulting in hydrophobic clustering.
SUMO Proteins Self-Assemble into f-Sheet Enriched
Structures. To explore the possibility that the detected
amyloid-prone segments might promote self-assembly when
the proteins are partially unfolded, we incubate the different
proteins at 1 mg/mL concentration for 24 h under agitation at
their melting temperatures: 52 and 68 °C for SUMOI1 and
SUMO2/SUMO3, respectively. At the end of the reaction, all
of the solutions become cloudy, suggesting the presence of
aggregates. The far-UV CD spectra of these samples differ
significantly from those displayed by the native proteins, all
exhibiting a minimum around 217 nm, which indicates
enrichment in f-sheet secondary structure (Figure Sa). FT-IR
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Figure 5. Secondary structure of aggregated SUMOI (in blue),
SUMO?2 (in red), and SUMO 3 (in green) proteins followed by (a)
CD and (b) ATR FT-IR. Note in panel b the deconvolution of each
SUMO spectrum into its spectral components. Asterisk indicates the
new intermolecular f$-sheet band.

spectroscopy allows addressing more accurately structural
features in aggregated proteins.” The spectra of aggregated
SUMOs exhibit a new band in the amide I region at 1620—
1625 cm™, typically attributed to the presence of intermo-
lecular f-sheet secondary structure, which is accompanied by a
minor band 1692 cm™ corresponding to the splitting of the
main f-sheet signal (Figure Sb). These two bands are
considered to be a hallmark of the presence of amyloid
structures.*>*® Decovolution of the absorbance spectra
indicates that the amyloid-like bands contribute to 37 and
23% of the total IR signal for SUMOI and SUMO2/SUMO3,
respectively.

SUMO Aggregates Display Amyloid-Like Properties.
We used the amyloid-specific dyes Congo red (CR), thioflavin
T (Th-T), and thioflavin S (Th—S) to analyze if the detected
intermolecular fB-sheet in aggregated SUMO proteins corre-
sponds to amyloid-like assemblies. The absorbance of CR
increases, and the spectrum maximum red shifts to 505—510
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nm in the presence of aggregates of all SUMO proteins (Figure
6a). This spectral change corresponds to that promoted by

B 0.5+

Wavalangth (nm)
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Warvelength (rm)
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SUMO3 SUMO2 SUMO 1

Figure 6. Binding of SUMO protein aggregates to specific amyloid-like
dyes. (a) CR spectra; the inset shows the difference spectra displaying
the typical 541 nm amyloid peak. (b) Th-T spectra displaying
fluorescence enhancement at 482 nm when the dye is bound to
amyloid-like aggregates. Spectra of free dyes (black dotted line),
SUMOL1 (in blue), SUMO?2 (red), and SUMO3 (in green) are shown.
(c) Th—S staining of SUMO aggregates under visible (on the left of
each panel) and fluorescent (on the right of each panel) light.

different amyloid proteins in the aggregated state.*” Moreover,
the difference spectra of the dye in the presence and absence of
SUMO proteins exhibit the characteristic amyloid band at
~541 nm (Inset Figure 6a). However, not all of the SUMO
aggregates bind to CR with the same affinity, with SUMO1
promoting only slight spectral changes and SUMO3 promoting
a large increase in CR absorbance.

Th-T fluorescence emission is enhanced in the presence of
amyloid fibrils.*® The same behavior is observed upon
incubation of Th-T with aggregated SUMO proteins. Again,
the different aggregates induce differential changes in Th-T
fluorescence (Figure 6b), with SUMO1 promoting only a two-
fold increase in fluorescence at the ~482 nm spectral
maximum, whereas SUMO2 and SUMO3 promote 40- and
80-fold increases in fluorescence emission, respectively. For all
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SUMO aggregates, areas rich in fibrous material are stained
with Th—S (Figure 6c) to yield green—yellow fluorescence
against a dark background, as observed by fluorescence
microscopy.

The morphological features of the species present in SUMO
protein solutions incubated at melting temperatures are
analyzed using TEM. As shown in Figure 7, in all cases we

SUMO 1

SUMO 2

SUMO 3

Figure 7. Transmission electron micrographs of SUMO1, SUMO2,
and SUMO3 in the aggregated state.

detect the presence of protein aggregates. Nevertheless, the size
and morphology of the aggregates are significantly different.
SUMOL1 forms abundant small oligomeric-like aggregates,
which tend to clump together, whereas the aggregates formed
by SUMO2 display protofibrillar morphology, and those
formed by SUMO3 correspond to mature amyloid-like fibrils.
Conformational properties of the different aggregates are well-
correlated with their relative binding to amyloid-dyes.
Interestingly, despite the fact that the SUMO3 C-terminal
tail, which constitutes the only sequential difference between
SUMO?2 and SUMO3 proteins in our study, is not predicted to
be amyloidogenic and has essentially a polar nature, it appears
to be an important determinant of the conformational
properties of the aggregated state.

The kinetics of amyloid fibril formation usually follow a
sigmoidal curve that reflects a nucleation-dependent growth
mechanism.*** The assembly of SUMO proteins follows this
kinetic scheme (Figure 8). The nucleation step of the amyloid
assembly is shortened in the presence of preformed amyloid
fibrils of the same protein that can act as seeds for the
polymerization reaction.”® To test whether preformed SUMO
aggregates can seed the aggregation of the correspondent
soluble proteins, we follow the aggregation kinetics of the
proteins at 200 ug-mL™' in the presence of 20 ug-mL™' of
preformed aggregates (Figure 8). A decrease in the lag time of
the reaction and a concomitant increase in the nucleation
constant (k,,), without a significant effect on the elongation rate
(k.), can be observed in all cases (Table S1 of the Supporting
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Figure 8. Aggregation kinetics of SUMO proteins. The fibrillar
fraction of (a) SUMO1, (b) SUMO?2, and (c) SUMO3 is represented
as a function of time. The aggregation reactions have been performed
in the absence (in blue, red, and green) and in presence (in violet,
orange, and yellow, respectively) of 10% of preaggregated protein
under agitation at melting temperatures.

Information), indicating that despite their different morphol-
ogies all SUMO aggregates can seed their aggregation reactions.

PK is a protease usually employed to map the protected core
of amyloid fibrils because, despite its high activity for cleaving
peptide bonds, it cannot attack the highly packed backbones in
an amyloid f-sheet structure. Native SUMO proteins are
incubated with PK, and the resulting products are analyzed by
SDS-PAGE. A smear containing multiple bands is detectable
for the three SUMO isoforms, suggesting an unspecific cleavage
of these globular proteins (Figure 9). In contrast, treatment of
SUMO-aggregated species with PK renders a major band that is
selectively protected from digestion, suggesting that it might
constitute the core of the detected intermolecular f-sheet
structure (Figure 9). To identify which specific protein regions
are embedded in this core, we analyze native or heat-aggregated
SUMO proteins digested with PK by MALDI-TOF mass
spectroscopy. We do not detect any protected protein fragment
in PK digestions of native SUMO proteins. In contrast, the
aggregated samples display major fragments of ~2600 and
~3000 kDa for SUMO1 and SUMO2/SUMO3, respectively.
These fragments likely correspond to the most protected
regions in the amyloid-like aggregates formed by SUMO
proteins (Table 1 and Supporting Information). In SUMOI,
this region contains residues 18—37 corresponding to f-strand

1922

Amyloid-like aggregates Monomers
1 L

I 110 1
o 1 5 10 20 a0 0 10 mir
i L)
* - S
- T — (=]
=

¥ ———— e, L ———
2%
[
* =
== ==
' — — {3

Figure 9. Limited proteolysis of soluble and aggregated SUMO
proteins. Time course of proteinase K digestion of soluble and
aggregated SUMO proteins, followed by SDS-PAGE. The digestions
were carried out at pH 7.5 and 37 °C. Asterisk and black arrows
indicate the weight of the native protein and the major resistant
species, respectively.

1 and f-strand 2 (SUMO1 numeration) and includes most of
the predicted amyloidogenic residues in f-strand 1 (YIKLKVI)
and f-strand 2 (IHFK). In SUMO2/SUMO3, the PK protected
region consists of residues 20—47 (SUMO 1 numeration) and
corresponds to f-strand 1, f-strand 2, and the beginning of the
a-helix and includes the single amyloidogenic SVVQFKI
sequence detected in the f-strand 2 of these two proteins
(Figure 1). The preferential protection of the regions displaying
the highest predicted amyloid propensity in SUMO proteins
argues that, if exposed to solvent, they might act as effective
nucleus for the formation of intermolecular f-sheets that would
ultimately result in the aggregation of the proteins in which
they are embedded. These sequences are characterized by a
combination of hydrophobic and aromatic side chains and
polar/charged residues, present in several of the amyloidogenic
peptides identified in proteins linked to amyloid processes.” In
both SUMOI1 and SUMO2/SUMOQO3, the core of the detected
amyloid-like structures includes f-strand 1 and f-strand 2.
Interestingly enough, prediction of aggregation-prone regions
in Smt3, the only SUMO protein in yeast, identifies -strand 2
as the most amyloidogenic region despite the low sequential
identity between yeast and human SUMO proteins. In fact, a
BLAST analysis indicates that the detected aggregation-prone
sequences are conserved in SUMO proteins across species
(data not shown). A common observation in the amyloid fibrils
formed by globular proteins linked to different disorders is that
the parts of the molecule involved in aggregation used to be
located in preformed f-strands, suggesting that local unfolding
may allow anomalous intermolecular interaction between this
preformed elements leading to the formation of an aggregated
B-sheet structure.>® This appears to be also the case for SUMO
proteins. In fact, secondary structure predictions using the
algorithm CSSP2%* indicate that the sequences corresponding
to the p-strand 2 display the highest intrinsic p-sheet
propensities in human SUMO proteins; therefore, they might
be ready to self-assemble in case it becomes exposed to solvent.

Amyloidogenic Regions and Functional Interaction
Sites Overlap in SUMO Proteins. In addition to the
observed propensity of SUMO isoforms to form p-sheet
amyloid-like structures upon protein unfolding, it would be
interesting to remark here the tendency of SUMO to form

dx.doi.org/10.1021/bm3004385 | Biomacromolecules 2012, 13, 1916—1926
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Table 1. Mass Spectrometry Analysis of the Proteinase-K-Resistant Core of SUMO Protein Aggregates”

protein position sequence

SUMO1 18-37 HMEGEYIKLKVIGQDSSETHFK”
SUMO2 17-44 HINLKVAGQDGSVVQFKIKRHTPLSKL
SUMO3 1744 HINLKVAGQDGSVVQFKIKRHTPLSKL

experimental mass (Da) theoretical mass (Da) error (Da)
2588.301 2587.347 0.954
3011.897 3012.735 0.838
3011.854 3012.735 0.881

“Residues in bold correspond to predicted amyloidogenic regions. bResidues in italics correspond to residues of the His-tag-SUMO1 fusion

remaining at the N-terminus of SUMOL1 after cleavage with thrombin.

‘:;-\f “’“\\_ 4

Figure 10. Interaction between SUMO and SUMO interaction motifs (SIMs). (a) Right, surface, and ribbon representation of SUMO-1. Red
represents the SUMO b2 strand. Middle, same representation in complex with the SIM depicted as a blue strand. Left, surface representation of the

interaction between SUMO-1 (red) and SIM (blue). PDB 1ZSS.

Table 2. Aggregation-Prone Stretches in Putative SIM Sequences, According to AGGRESCAN Predictions”

“"""“G;."“'h“ Name 5IM sequence
QrZIIa SETX SIS OSDDDDDER
PZ3497 EP100 OQASTINTESEDSEGSTRVD
QINSSE TOPORS LS PRI S DS DRDSEVRED
QaNIZE ZCCHCT motll 2 it VNIEF S5 SE EEESTISE

ZOCHCT motil 1 NOKEEIFES DS EVIOLSDG

QLTE ZWIYMS [ZNFZAT) molif 2 SERIDoIEmIn
CaUBwW? ZMYM2 (ZNF 188) mabl 2 VEETTIN D EDME
CIBURYY ZHX SEFENEBsSOETT
075825 PIAST KXEE FERIDEN DSSSDEFEEE
OF5a28 PIAS2 SKKK MOFEDET! FSSSDEEEDPPAKRKD
QaYax2 PIAS3 Nk Kk EERTDET EsssnEEDLPP
CEPEWY ZCCHC12 ADCH FIEI DDTL DRsornERES
QENZWS PlASY PGATY PITA, T DSSSSSETNE
O3 C180ef25 molif 2 SITAENFDENTL DEDSREKYL
OEVMOS ATFTIP (MCAF) DESENIDEYN T DDEESGA
COE2ES EXQSCH (PMECLT) KTOEREREDD SECEE VIV NiD
CeEBza C1Bort28 maolif 1 sssE RGN E

“Stretches corresponding to V/I-x-V/I—V/I or V/I-V/I-x-V/I/L SIM consensus are represented in italic letters. Aggregation-prone regions detected
by AGGRESCAN appear shadowed. Putative gatekeeper residues are colored in red. SIMs sequences were obtained from ref 38.

intermolecular f-sheets under native conditions. So far, the
only known SUMO interaction motif (SIM) displays an
extended fS-sheet structure, forming an extra intermolecular f-
strand with f-strand 2 of SUMO and inserted in a hydrophobic
groove created between f-strand 2 and a-helix of SUMO.>*5¢
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The amyloidogenic IHFKV region in SUMO1 f-strand 2 is
located at the native interface of the complex with its substrate
RanGAP1 (PDB 1Z5S) (Figure 10) and is likely a major
contributor to the complex stability according to the PISA
server (http://www.ebi.ac.uk/msd-srv/prot_int/pistart.html).
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Several other complexes between SUMO domains and protein
fragments containing SIMs, with differential specificity toward
SUMO1 or SUMO2/SUMO3 each, have been resolved by
NMR spectroscopy, all of them showing a docking for the
interaction motif onto SUMO structure identical to that
previously mentioned.***”® Therefore, the same sequence
used by SUMO:s to establish specific functional interactions in
the native state might nucleate its anomalous aggregation upon
unfolding. Moreover, the RAnGAP1 SIM sequence at the
complex interface also contains a nine-residue predicted
amyloidogenic region (LDVLIVYGL), which is in contact
with the amyloidogenic stretch in SUMOL1 f-strand 2 (Figure
10). Interestingly enough, the consensus sequences for SIMs
are considered to be V/Ix-V/I-V/I or V/I-V/Ix-V/I/L,
where position two or three can be any amino acid. These
consensus regions are highly hydrophobic and likely
aggregation-prone. Accordingly, when we analyze the sequen-
ces of 19 putative SIMs, previously identified experimentally by
yeast two-hybrid,> using AGGRESCAN, we detect amyloido-
genic stretches in most of them (Table 2). The spatial
coincidence of interaction sites and aggregating regions is not
an anecdotic property of the SUMO/SIM system but rather a
feature of many protein—protein interactions. In general,
interface regions are more prone to aggregate than other
surface regions.’ This results from the fact that as in the case of
SUMO the interactions that promote the formation of
functional complexes, including hydrophobic and electrostatic
forces, might also cause anomalous intermolecular associa-
tion,%* especially when the interfaces are located in preformed
P-sheet secondary structure elements, suggesting that the
formation of functional complexes and the aggregation of their
individual subunits might compete in the cell We have
previously proposed that this can be one of the underlying
reasons for the aggregation of a number of human globular
proteins involved in different conformational diseases,”” a view
that has been further confirmed by other studies.®*> This
evidence has led us to propose that normal and aberrant
interactions are two sides of the same coin and that the
function represents a competing pathway of aggregation.63

It has been shown that evolution uses different negative
design strategies to fight against protein deposition.'® One of
them consists of placing amino acids that counteract
aggregation at the flanks of protein sequences with high
aggregation propensity. These residues are called gatekeepers,"
and they reduce self-assembly using the repulsive effect of
charge (Arg, Lys, Asp, and Glu), the entropic penalty on
aggregate formation (Arg and Lys), or incompatibility with /-
structure backbone conformation (Pro). In Table 2, we show
that this type of residues is abundant at the flanks of the
identified aggregating regions in SIMs. The presence of charged
residues surrounding the consensus SIM motif has been
proposed to be important for establishing specific interactions
with SUMO proteins; however, these contacts are not evident
in the structures solved so far, and their side chains tend to be
disordered in NMR structures, suggesting that they might be
instead important to decrease SIMs intrinsic aggregation
propensities.

It is intriguing whether the natural tendency of SUMO
proteins to form intermolecular f-sheet structures would result
in pathological conditions in case their structural stability
becomes compromised in the cell. Despite the fact that no
evidence exists for this situation, a recent quantitative
proteomics study in yeast has identified Smt3 (the SUMO2
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analog) to be a member of the cellular subproteome that
interacts with and is sequestered by the amyloid-like aggregates
formed by both natural and artificial amyloidogenic sequen-
ces.®® In the case of SMT3, these interactions occur
prefermentation upon synthesis before adopting stably folded
conformations,** where its amyloidogenic regions are likely
exposed to solvent. The conserved aggregation-propensity of -
strand 2 suggests that it might mediate the detected
interactions, arguing that despite the fact that we use here
artificial conditions our data might be relevant to understand
the amyloid toxicity resulting from the depletion of essential
functional proteins like SUMO.%*

B CONCLUSIONS

SUMO proteins are highly soluble in their folded states. In the
present work, we show, however, that they are at risk of
aggregation into amyloid fibrils if the interactions sustaining
their native structure are disturbed. This effect is likely initiated
by the exposition to the solvent of aggregation-prone regions
located at the N-terminus of the protein. The sequences in
these protein segments have a high f-sheet intrinsic propensity
that might favor the self-assembly into the detected
intermolecular amyloid-like S-sheet structures. The fact that
essential and highly soluble proteins like ubiquitin or SUMOs
can populate the amyloid state provides strong support to the
view that globular proteins cannot completely avoid the
competition between their productive folding and their
deleterious aggregation. In the case of SUMO, this likely
results from the fact that the interactions that promote the
formation of functional complexes through the establishment of
intermolecular S-sheets might also contribute to cause aberrant
intermolecular association. The soluble and functional state in
SUMO proteins is maintained under physiological conditions
thanks to the existence of intrinsic energy barriers that favor the
folded state over unfolded or partially folded conformations.
Nevertheless, genetic mutations that decrease SUMOs stability
might allow the population of these aggregation susceptible
states, with possible implications for cell physiology, because
disruption of the SUMO pathway is lethal in mammals and in
budding yeast. In the same manner, depletion in SUMO levels
by amyloid-like interactions of nascent SUMO polypeptide
chains with pre-existing aggregates might be a contributor to
the recurrently observed toxicity of amyloid assemblies.
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The prion-forming domain comprising residues 218-289 of the fungal prion
HET-s forms infectious amyloid fibrils at physiological pH. Because a
high-resolution molecular model for the structure of these fibrils exists, it
constitutes an attractive system with which to study the mechanism of amy-
loid assembly. Understanding aggregation under specific conditions
requires a quantitative knowledge of the kinetics and thermodynamics of
the self-assembly process. We report here the study of the temperature and
agitation dependence of the HET-s(218-289) fibril nucleation (k,) and elon-
gation (k.) rate constants at physiological pH. Over our temperature and
agitation range, k, and k. increased 30-fold and three-fold, respectively.
Both processes followed the Arrhenius law, allowing calculation of the
thermodynamic activation parameters associated with them. The data
confirm the nucleation reaction as the rate-limiting step of amyloid fibril
formation. The formation of the nucleus appears to depend mainly on
enthalpic factors, whereas both enthalpic and entropic effects contribute
similarly to the energy barrier to fibril elongation. A kinetic model is
proposed in which nucleation depends on the presence of an initially
collapsed, but poorly structured, HET-s(218-289) state and in which the
fibril tip models the conformation of the incoming monomers without
substantial disorganization of its structure during the elongation process.

Introduction

Aggregation of misfolded proteins that escape the
cellular quality control mechanisms to enter into amy-
loid structures is a common feature of a wide range of
debilitating and increasingly prevalent diseases, such as
Alzheimer’s disease, Parkinson’s disease, Huntington’s
disease, and prion diseases [1]. Prions are infectious
proteins that are assembled as amyloid or amyloid-like
structures that have a self-perpetuating capacity in vivo

Abbreviations

and thus turn into pathological infectious agents or
protein-based genetic elements [2-4].

Fungal prions are infectious filamentous polymers of
proteins. Among these prions are the [PSI"], [URE3]
and [PIN™] yeast prions and the [Het-s] prion of the
filamentous fungus Podospora anserina [5]. In its prion
form, the HET-s protein participates in a fungal
self-nonself recognition process called heterokaryon

bis-ANS, 4,4’-bis(1-anilinonaphthalene 8-sulfonate); CR, Congo Red; FTIR, Fourier transformation IR; PFD, prion-forming domain;

ThT, thioflavin-T; TEM, transmission electron microscopy.
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incompatibility [6]. The HET-s prion displays a globu-
lar a-helical domain appended to a natively unfolded
domain termed the prion-forming domain (PFD). This
PFD is the C-terminal 218-289 fragment responsible
for prion propagation and amyloid formation [7,8]. A
combination of hydrogen exchange, solid-state NMR
and proline-scanning mutagenesis data has been used
to propose a structural model for the infectious amy-
loid fold of the HET-s PFD [9]. Recently, Wasmer
et al. presented a structural model based on solid-state
NMR restraints for amyloid fibrils from the PFD of
HET-s. This is the only atomic-resolution structure of
an infectious fibrillar state reported to date. On the
basis of 134 intramolecular and intermolecular experi-
mental distance restraints, they found that the HET-s
PFD forms a left-handed B-solenoid, with each mole-
cule forming two helical windings, a compact hydro-
phobic core, at least 23 hydrogen bonds, three salt
bridges, and two asparagine ladders (Fig. 1) [10]. The
model is supported by electron diffraction and micro-
scopy studies. Electronic diffraction gives a prominent
meridional reflection at 0.47 nm™", indicative of cross-
B-structure, and scanning transmission electron micro-
scopy (STEM) mass-per-length measurements have
yielded 1.02 £+ 0.16 subunits per 9.4 A, which is in
agreement with the predicted value in the model [11].
Agitation, pH, temperature, protein concentration
and ionic strength have been shown to alter the struc-
tural morphology, kinetic characteristics and stability
of fibrils [12-14]. This fibrillar polymorphism, which is
being reported for an increasing number of proteins,
probably reflects the fact that fibrils, in contrast to
globular proteins, have not been under evolutionary
constraints to retain a single active conformation [13].
In that context, it is noteworthy that in the case of
[Het-s], which might represent an evolved adaptive
prion with a function beneficial to the host cell, fibrils
apparently show no polymorphism at physiological
pH. A major unsolved question is how the basically
disordered PFD of HET-s is transformed into the
highly ordered fibrils characteristic of this domain. To
contribute to decipher this mechanism we describe the
effects of temperature and agitation on PFD fibrilla-
tion. The data allowed us to derive the thermodynamic
parameters that characterize the process and propose a
model for the aggregation of this infectious prion.

Results and discussion

Conversion of soluble HET-s PFD into amyloid fibrils

The conversion of soluble HET-s PFD protein into
amyloid structures can be easily followed by monitor-
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Fig. 1. Structure of the HET-s PFD fibrils. (A) Top view and (B) side
view of the five central molecules of the lowest-energy structure of
the HET-s PFD heptamer calculated from the NMR restraints.

ing the changes in light-scattering signal by UV-visible
spectroscopy in the range 240-400 nm. The polypep-
tide conformational changes occurring during this pro-
cess were monitored by recording the far-UV CD
spectrum in the range 200-250 nm at 5 min intervals.
The monomeric form of HET-s PFD possesses a far-
UV CD spectrum typical of an essentially unfolded
polypeptide chain. In Fig. 2A, the overlaid CD spectra
show the conformational transition from this unor-
dered structure towards a [-sheet-enriched conforma-
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Fig. 2. Secondary structure and amyloid detection. (A) Conforma-
tional change of the HET-s PFD at 303 K followed by CD; CD spec-
tra were recorded at time intervals of 5 min. (B) FTIR second
derivative spectra of the HET-s PFD in the amide | region corre-
sponding to B-sheet conformations. (C, D) Spectral changes pro-
duced by the interaction of aggregated HET-s PFD at different
amyloid formation conditions with CR-specific amyloid dye. In (B),
note the Amax Of the obtained HET-s PDF amyloid, and in (C), note
the different absorbance at ~ 540 nm of the differential spectrum.

Kinetics of HET-s PFD aggregation

tion upon protein incubation at 303 K. The prevalence
of B-sheet secondary structure after 6 h is clearly indi-
cated by the presence of a characteristic, single nega-
tive band at 217 nm. The existence of an amyloid
intermolecular B-sheet structure was confirmed by the
detection of the typical ~ 1630 cm™' peak in the amide
I region of the IR spectrum (Fig. 2B) and by the pres-
ence of the characteristic peak at ~ 540 nm upon bind-
ing to Congo Red (CR) (Fig. 2C,D). Finally, imaging
of the protein solution by STEM at the end of the
reaction allows observation of the typical PFD 5 nm
wide bundled or disordered fibrils. These structures
display high prion infectivity [11,12].

Plotting the absolute CD value at 217 nm or the 400
to 280 nm absorbance ratio nm against time results in
overlapping sigmoidal curves that are characterized by
three kinetic steps: a lag phase, an exponential growth
phase, and a plateau phase (Figs 3 and 4). This sigmoi-
dal behaviour resembles that found for the polymeriza-
tion of other amyloidogenic proteins, and is best
described by the nucleation-dependent polymerization
model [15,16], which invokes the formation of soluble
oligomers that are thermodynamically unstable and
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Fig. 3. Kinetics of aggregation of 10 um of HET-s PFD at pH 7. (A)
Normalized aggregation curve followed at 217 nm by CD at time
intervals of 5 min. (B) Determination of lag time (to), half-time (t; /»)
and complete reaction time (t;) from the plots of the fraction of
fibrillar HET-s PFD as a function of time.
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Fig. 4. Kinetics of aggregation of 10 um HET-s PFD at pH 7 followed by light scattering. (A-D) The reactions were performed at 293, 303,
313 and 323 K at 0 r.p.m., 700 r.p.m. and 1400 r.p.m., and followed by recording the change in the scattering signal at 5 min time intervals.
(E) Determination of lag time (to), half-time (t;,,) and complete reaction time (t;) from the plots representing the fraction of fibrillar HET-s

PFD as a function of time.

represent the nuclei on which the polymerization or
fibril growth spontaneously proceeds. During the lag
phase, the secondary structure of the HET-s PFD did
not significantly change, and then an exponential
increase in B-sheet content was observed with a con-
comitant increase in the light-scattering signal, whose
rate is defined by the slope of the linear trend of the
sigmoid curve. Previous time-course experiments in
which the binding of thioflavin-T (ThT) to the HET-s
PFD was monitored by measuring ThT fluorescence
anisotropy revealed that the binding of ThT was
almost negligible in the lag phase, increased during the

5056

exponential phase, and reached a maximum at the pla-
teau phase [17]. This observation, together with the
reported changes in CD and scattering signals, suggests
that B-sheet formation and aggregate formation may
be concerted processes for this prion protein, as previ-
ously shown for polyglutamine extensions [18].

Effect of temperature and agitation on
HET-s PFD fibrillation rates

The transition of the HET-s PFD from apparently
disordered conformations to aggregated [-sheet
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Table 1. Aggregation kinetic parameters.

T (K)
Agitation
(r.p.m.) Parameter 293 303 313 323
0 ks (10%s77) 1.61 4.67 11.87 15.05

ko (M5 5069 58.10  75.24 96.31
cke (105s7") 506.90 581.00 752.40  963.10
fo (s) 7270 5209 2993 1881
ti/2 (S) 11263 9047 5768 3657
t (s) 15257 12884 8542 5433

700 kn (10%s77) 2.39 4.05 10.83 30.83
ke (10°m™"s™") 5875  70.09  91.66 123.30
cks (108s7") 587.50 700.90 916.60  1233.00
to (s) 5831 4412 2602 1373
/2 (S) 9341 7330 4810 2957
t (s) 12851 10247 7017 4541

1400 ky (10%s77) 2.50 9.94 13.36 45.72
ke (10°Mm~"s™") 7181 7974  117.30  153.90
cke (105-s7) 71810 797.40 1173.00 1539.00
fo (s) 4969 2905 2037 984
ti/2 (S) 7861 5466 3791 2258
t (s) 10752 8027 5546 3531

structures was dependent on the temperature and agi-
tation. The lag phase, the conformational transition
rate and the complete reaction time were exquisitely
sensitive to these two factors (Figs 3 and 4). Table 1
summarizes the values obtained with each temperature
and agitation regime. The nucleation of soluble HET-s
PFD increases dramatically with increasing tempera-
ture and agitation. In consequence, all of the parame-
ters relating to time (i.e. ty, f1,», and ¢;) are inversely
proportional to temperature and agitation. The nucle-
ation rate constant (k,) is enhanced by a factor of 30
when the temperature rises from 293 K without agita-
tion to 323 K with agitation at 1400 r.p.m. (Table 1).
The elongation rate constant k. approximately triples
in this temperature and agitation range. As compared
to cke, k, is smaller in all experimental conditions,
indicating that, in kinetic terms, nucleation is the
rate-determining step in HET-s PFD amyloid fibril
formation.

In the fibrillation of insulin, glucagon, and
AB(1-40), a correlation between lag times and growth
rates has been observed [19]. To determine whether
this rule also applies for this fungal prion, we plotted
k. versus k, for the different fibrillation reactions. A
linear relationship between both constants was
observed, confirming that acceleration of the nucle-
ation process is associated with a higher elongation
rate. (Fig. 5A). Accordingly, plotting ck. against ¢,
demonstrates a clear correlation of the absolute values
of these two parameters, and therefore a Kkinetic

Kinetics of HET-s PFD aggregation
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Fig. 5. Correlations between nucleation and elongation kinetic
parameters. (A) Correlation between elongation and nucleation
rates. (B) Correlation between the product of elongation rate and
protein concentration as a lag time (tp) function.

proportionality between the efficiency of nucleus for-
mation and the velocity of fibril elongation (Fig. 5B).

Energetic barriers to PFD HET-s amyloid
formation

Figure 6A,B displays, on a logarithmic scale, the
nucleation and elongation rate constants as a function
of inverse temperature. These data points fit well with
a straight line, suggesting that both processes follow
the Arrhenius law:

k= Ae FA/KT (1)

where A is the pre-exponential or frequency factor,
and Ey is the activation energy. Taking the natural log
of both sides of Eqn (1), one obtains:

Ink = —Ex/RT + In A )

This implies that, in both cases, self-assembly is con-
trolled by one single free energy barrier, associated
with the activation of the intermediate state in the olig-
omerization and polymerization reactions. By plotting
In k versus 1/7, a linear relationship is obtained, and
one can determine E, from the slope (—Ex/R) and A
from the y-intercept. This equation assumes that Ex
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Fig. 6. Arrhenius plot of nucleation (A, C) and elongation (B, D)
rates as a function of inverse temperature.

and A are constant or nearly constant with respect to
temperature. The linearity of the display indicates that
E is independent of the temperature. This observation

R. Sabaté et al.

does not exclude deviations from Arrhenius behaviour
over wider temperature ranges, as can be the case for
protein folding [20].

Ea values of 60-71 and 14-18 kJ'mol™' for the
nucleation and elongation process were calculated for
the HET-s PFD. Energies of activation below 42 kJ-
mol™" generally indicate diffusion-controlled processes,
whereas higher values imply a chemical reaction [21].
This suggests that, for the HET-s PFD, the nucleation
is a thermodynamically unfavourable process linked to
a chemical transformation, whereas diffusion might
play a crucial role in fibril elongation. The E value
for the nucleation of the HET-s PFD is four to five
times lower than that reported for AB(1-40) [22],
pointing to the existence of substantial differences in
the nucleation mechanisms of different polypeptides.
Accordingly, recent theoretical studies have suggested
that the nucleation barriers depend both on the hydro-
phobicity and the B-sheet-forming propensity of the
polypeptide [23]. Interestingly, the E5 value for the
nucleation of the HET-s PFD is very close to that esti-
mated for a-synuclein (72 kJ-mol™") [24].

The free energy barrier associated with the aggre-
gation process can be estimated from the tempera-
ture dependence of the nucleation and elongation
rates. To estimate the relative contributions of acti-
vation enthalpy and entropy in the nucleation and
elongation rates, the transition state theory has been
applied. The nucleation and elongation rates can be
expressed as

kn = ke ¢/ and k, = ke A/ M7 (3)

where k, and k. are the nucleation and elongation
rates, kJand k0 are the pre-exponential factors for the
nucleation and elongation rates, AG* is the standard
Gibbs free energy of activation, kg is the Boltzmann
factor, and T is the absolute temperature in kelvins.
From the theory, we can assume that k° is propor-
tional to number concentration p and to DRy, where
D = kgT/(6mnRy) is the diffusion coefficient of an
object whose sphere of influence is Ry, at temperature
T, and with medium viscosity n. The pre-exponential
factors can be expressed as

o 1.33kBTCNA 1.33kBTNA

ks
when N, is the Avogadro number and ¢ is the molar
concentration.

The order of magnitude of both the enthalpy and
entropy costs associated with nucleation and elonga-
tion processes can be estimated from the expression
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k“ sk s k
NAkB In (E) = AS — AH*T and NAkB In (k7§> (5)

€

=AS"— AH'T

for the nucleation and elongation rates, respectively
(Fig. 6C,D). The Gibbs free energies of activation can
be determined from:

AG* = AH* — TAS* (6)

The thermodynamic activation parameters derived
from the analysis are shown in Table 2. The absolute
value for the Gibbs free energy of activation for HET-s
PFD nucleus formation is estimated to be ~ 56 kJ-
mol™". The barrier for nucleation is higher than that for
elongation, with enthalpic ~ 63 kJ'mol™' and entropic
(TAS*) ~ 7 kJ-mol™! contributions at 298 K. Therefore,
the nucleation reaction is controlled by competition
between two effects with different orders of magnitude:
the process is entropically favourable but enthalpically
unfavourable [20]. The nucleation process depends
mainly on the enthalpic factor, suggesting that chemical
transformation or conformational remodelling occurrs
from the inactive to the activated state. Because the far-
UV CD spectrum of the inactive HET-s state corre-
sponds to a poorly structured polypeptide, it is difficult
to envisage why structurally an increase in enthalpy and
entropy is required to attain the activated state. A possi-
bility is that, in spite of being devoid of any regular sec-
ondary structure, the basal state still has a compact
monomeric or oligomeric structure that is disrupted in
the aggregation-competent intermediate. One of the dis-
tinctive features of the HET-s PFD amyloid fibrils is the
existence of a highly packed hydrophobic core. It is pos-
sible that these hydrophobic residues are unspecifically
collapsed, either intramolecurlarly or intermolecularly,
in the initial state. Changes in 4,4’-bis(1-anilinonaphtha-
lene 8-sulfonate) (bis-ANS) fluorescence are frequently
used to monitor the presence of solvent-exposed hydro-

Table 2. Thermodynamic activation parameters.

Agitation (r.p.m.)

0 700 1400
Process kn ke kn ke kn ke
Ep (kJ'mol™) 60.3 169 675 19.3 70.7 20.7
AH* (kJ-mol™) 58.0 146 652 17.0 68.4 18.4
AS* (JKmol™") 34 -985 288 -89.1 422 -829
TAS* 555 (kJ-mol™") 1.0 -294 86 -265 126 -24.7
AG* 95 (kJ'mol™) 57.0 439 56.7 435 558 43.1

Kinetics of HET-s PFD aggregation

phobic clusters in compacted states. In agreement with
the above hypothesis, the HET-s PFD binds to bis-ANS
with high affinity (Fig. 7A). Increasing the temperature
decreases the population of this collapsed state, explain-
ing why we observe increased aggregation rates and
reduced lag times at higher temperatures (Fig. 7C,D).
The interactions sustaining the collapsed structure
would be rather weak, explaining why we obtain a
rather low energy barrier for the nucleation process.
However, as shown in Fig. 7B, the loss of this collapsed
structure with increasing temperature is a cooperative
process. Supporting evidence for this mechanism is also
found in the effect of vigorous agitation. The effect of
agitation on the kinetics of amyloid formation has been
well characterized for insulin [25]. In that case, as
reported here for the PFD, agitation occurred mainly in
the nucleation stage. The enhanced rates of nucleation
with strong agitation were proposed to arise from the
increased amount of air—water interface. By analogy to
insulin, the most probable effect of the air—water inter-
face in the case of the HET-s PFD is that it promotes
the partial disruption of the initial collapsed state,
allowing the build-up of the critical species on the fibril-
lation pathway. Another effect proposed for agitation is
an increase in fibril fragmentation, generating new ends
that accelerate fibril formation. However, no evidence of
fragmentation was observed for HET-s PFD fibrils by
TEM, even at 1400 r.p.m. agitation (data not shown).
Finally, the formation of a collapsed initial state allows
us to explain the rather anomalous effect of salt on
HET-s PFD fibrillation. We have shown previously that
the presence of salt delays instead of accelerating HET-s
PFD amyloid formation [12]. It is known that the addi-
tion of salts to polypeptides that are unstructured allows
them to adopt more compact conformations and assem-
blies [26]. Accordingly, the binding to bis-ANS increases
by four-fold in the presence of salt (data not shown),
suggesting an increase in the population or compactness
of the intramolecularly or intermolecularly collapsed
species. This stabilization of the basal state is expected
to result in lower nucleation rates. To address the nature
of the HET-s PFD inactive state, we analysed the kinet-
ics of HET-s PFD fibrillation in a range of concentra-
tions from 2.5 pMm to 100 pum in quiescent and agitated
conditions. As shown in Fig. 8, the observed kinetic
curves in this concentration range are very similar.
Accordingly, we obtained similar values for the nucle-
ation constants and lag times, showing that the rate of
nucleus formation does not depend on the initial peptide
concentration. This is in favour of an oligomeric basal
state stabilized by intermolecular hydrophobic contacts.

We estimate the absolute value for the Gibbs free
energy of activation of HET-s PFD amyloid fibril
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Fig. 7. Soluble HET-s PFD binding to bis-ANS as a function of the tem-
perature. (A) Bis-ANS spectra of the initial state of the HET-s PFD at 293
and 323 K. Samples were excited at 370 nm. (B) Dependence of HET-s
PFD binding to Bis-ANS on the temperature. The fit of the data to a two-
state cooperative unfolding model is depicted as a continuous line. The
initial and final baselines are shown as discontinuous lines, and deviate
significantly from the experimental data, thus supporting the conclusion of
cooperativity. (C, D) Linear relationship between bis-ANS signal and amy-
loid formation lag time (ty). R.F, relative fluorescence; a.u, arbitrary units.
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Fig. 8. Aggregation of the HET-s PFD as a function of peptide
concentration (from 2.5 to 100 pm) in: (A) agitated (500 r.p.m.) and
(B) quiescent conditions.

elongation to be ~ 44 kJmol™!. The enthalpic
~ 17 kJmol™" and entropic (TAS*) ~ —27 kJ'mol™!
contributions reveal that the rate of HET-s amyloid
fibril formation appears to be controlled by two coop-
erative effects of similar magnitude. The reaction is
unfavourable from both the enthalpic and entropic
points of view. These values suggest that, as hypothe-
sized previously, for HET-s the formation of the initial
nucleus and the elongation of the fibrils probably fol-
low different mechanisms. This is further supported by
their different dependencies on the agitation and tem-
perature conditions. Importantly, although the overall
PFD HET-s Gibbs free energy of activation for the
elongation reaction is similar to that found for AP
(30 kJ'mol™"), entropy appears to play an opposite role
in these two elongation reactions. For AP, a TAS* of
67 kJ'mol™" was calculated. Because the authors
proposed that soluble Af monomer probably did not
possess a stable structure that could ‘unfold’ in the
activation process, the calculated gain in entropy was
attributed to unfolding of the organized fibril end to
accommodate the addition of an incoming monomer
[27]. Our data indicate that, for the PFD of HET-s,
this is not the case, as a loss of entropy is calculated
for the elongation process. The data suggest, rather,
that the fibrils accommodate the incoming prion
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monomers without substantial disorganization of their
structure. The loss of translational, rotational and con-
formational energy of the polypeptide monomers upon
binding to pre-existing fibrils would account for the
calculated loss of entropy in the elongation process.
Interestingly, a loss of entropy during a-synuclein elon-
gation has also been proposed recently [28].

Effect of temperature on HET-s PFD fibril
morphology

Alternative conformations of amyloidogenic proteins
critically hinge on their multistep assembly pathways,
which, in turn, are modulated by the fibrillation con-
ditions [29]. We decided to investigate whether, in
addition to aggregation kinetics, temperature affects
the macroscopic morphology of HET-s PFD amyloid
fibrils. Low temperature promotes the assembly of
fibrillar structures (Fig. 9A). In contrast, high tem-
perature induces the formation of apparently amor-
phous material (Fig. 9C,D). At intermediate
temperatures, a mixture of ordered and disordered

Fig. 9. Temperature effect on HET-s PFD aggregate morphology.
Micrographs of 10 um HET-s PFD at 293 K (A), 303 K (B), 313 K
(C), and 323K (D). A slow aggregation rate favours bundled
fibril association, whereas a fast rate favours disordered fibrillar
aggregates.

Kinetics of HET-s PFD aggregation

aggregates is observed (Fig. 9B). Interestingly, the
formation of disordered aggregates at high tempera-
ture is a faster process than the aggregation in
ordered bundles at low temperature. The acceleration
of the fibrillation promoted by agitation has a simi-
lar effect on the fibril morphology (data not shown).
A similar dependence of the fibril morphology on
the temperature has been reported for barstar, insu-
lin and o-synuclein amyloid fibrils [24,25,30]. Also,
for the PI3-SH3 domain, pH values promoting fast
aggregation reactions were shown to cause disorga-
nized fibrillar structures, whereas pH values allowing
slow polymerization led to well-ordered fibrils [31].
Therefore, it appears that, independently of the amy-
loidogenic model, a clear correlation between the
overall rate of aggregation and the formation of lar-
gely amorphous protein aggregates or well-defined
highly organized fibrils exists. In spite of the macro-
scopic differences between these aggregates, many
studies have succeeded in approximating the ener-
getic barriers of the aggregation process by treating
them as related structural entities. This is probably
the case for HET-s PFD aggregates, because, in spite
of their different morphology, they display similar
physicochemical properties, they can be easily inter-
converted, all them are infectious, and they undergo
cross-seeding reactions.

Conclusions

The kinetics of amyloid fibrillation are important for
an understanding of the mechanism of amyloid self-
assembly and for the eventual design of molecular
inhibitors. The results of the present work contribute
to our understanding of a few basic features of the
molecular interactions and mechanisms that drive
prion amyloid fibrillogenesis. The HET-s PFD is
devoid of any regular secondary structure, but
appears to be at least partially compact in solution.
Disruption of this collapsed assembly appears to be
a crucial event in the nucleation reaction of this
prion protein. With knowledge of the high-resolution
three-dimensional structure of HET-s PFD amyloid
fibrils in their prion form [10], i.e. formed in the
same conditions as in the present study, and the
thermodynamic activation parameters associated with
their elongation, one might propose a mechanism for
the assembly of monomers on the tips of the prion
fibrils. The HET-s prion domain amyloid is proposed
to be an intramolecular parallel ‘pseudo’ in-register
B-sheet dimer, but in some ways it also resembles a
B-helix. In the fibril structure, each monomer forms
two turns of the solenoid enclosing a well-defined,
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triangular hydrophobic core. This structure implies
that, very probably, the mechanism underlying elon-
gation is not, as is often suggested, a primary con-
formational change of the prion protein followed by
aggregation. The monomeric protein can hardly
adopt the structure that it has in the fibril by itself,
because approximately half of the backbone bonds
that sustain its conformation in the fibril are inter-
molecular. Therefore, it is likely that the conforma-
tional change in the monomer coincides with, and is
probably a consequence of, the new molecule joining
the tip of the fibril. The data suggest that the
incoming monomer, but not the receptor fibril, suf-
fers a structural change in this process. The fact that
the sequence identified as forming the next layer of
the B-sheet is covalently attached to the one that has
just joined the fibril tip certainly facilitates the con-
formational change, and would account for the
reduced enthalpy of the process. In fact, the ability
of the fibril tip to model the structure of the incom-
ing monomer has been proposed to be the structural
basis of prion inheritance [5].

Experimental procedures

HET-s expression, purification, and sample
preparation

For expression of the HET-s PFD, 2 L of DYT medium
was inoculated with an overnight culture of BL21(DE3)
cells bearing the plasmid to be expressed at 37 °C. When
an Dgyonm Of 0.5-0.6 was reached, the bacteria were
induced with 1 mMm isopropyl thio-B-D-galactoside for 2 h
at 37 °C, the cultures were centrifuged at 8000 g for 5 min,
and the cell pellets were frozen at —20 °C.

HET-s PFD protein expressed as a C-terminal histidine-
tagged construct in Escherichia coli was purified under
denaturing conditions (6 M guanidine hydrochloride for 4 h
at 25 °C) by affinity chromatography on Talon histidine-
tag resin (ClonTech, Mountainview, CA, USA). Buffer was
exchanged by gel filtration on a Sephadex G-25 column
(Amersham, Uppsala, Sweden) for buffer A (40 mm anhy-
drous boric acid, 10 mm citric acid monohydrate, 6 mm
NaCl) at pH 2. The aggregation kinetics at different tem-
peratures and agitations were initiated by immediately
mixing the solution in a 1:1 ratio with buffer (20 mm
trisodium phosphate dodecahydrate, pH 12) obtaining a
final pH of 7, using a final protein concentration of 10 pM.

CD spectroscopy determination

CD spectra obtained at a spectral resolution of 1 cm™ and
a scan rate of 15 nm'min~"' were collected in the wavelength

R. Sabaté et al.

range 200-250 nm at 293, 303, 313, and 323 K, using a
Jasco 810 spectropolarimeter with a quartz cell of 0.1 cm
path length, and values at 217 nm were recorded.

Fourier transformation IR (FTIR) spectroscopy
determination

Attenuated total reflectance-FTIR spectroscopy analysis
samples of HET-s fibrils were analysed using a Bruker
Tensor 27 FTIR spectrometer (Bruker Optics Inc., Ettlin-
gen, Germany) with a Golden Gate MKII attenuated total
reflectance accessory. Each spectrum consisted of 125 inde-
pendent scans, measured at a spectral resolution of 2 cm™
within the 1800-1500 cm™' range. All spectral data were
acquired and normalized using opus MIR Tensor 27 soft-
ware. Second derivatives of the spectra were used to deter-
mine the frequencies at which the different spectral
components were located.

UV-visible spectroscopy by scattering
determination

Absorbance at 280 nm (tryptophan/tyrosine peak plus scat-
tering) or at 400 nm (scattering of the sample) was measured
at 5 min intervals using a Cary-400 Varian spectrophoto-
meter (Varian Inc., Palo Alto, CA, USA) at 293, 303, 313,
and 323 K.

CR binding

CR binding to amyloid HET-s(218-289) aggregates
obtained at different temperatures and agitation speeds
were recorded using a Cary-100 Varian spectrophotometer
(Varian Inc.) in range from 375 to 675 nm. The spectra of
CR at 10 pm with or without aggregated protein formed by
four Gaussian bands were deconvoluted, and the A, was
determined.

Hydrophobic cluster determination

The binding of bis-ANS to initial HET-s(218-289) soluble
species was measured on a Varian spectrofluorimeter (Cary
Eclipse, Palo Alto, CA, USA) from 400 to 600 nm, using
an excitation wavelength of 370 nm. A slit width of 10 nm
used, and the maximum of emission, at 480 nm, was
recorded. Thermal transition curves were obtained at a
heating rate of 1 °C min~' by measuring bis-ANS emission
at 480 nm after excitation at 370 nm.

Electron microscopy

For negative staining, samples were adsorbed onto freshly
glow-discharged carbon-coated grids, rinsed with water,
and stained with 1% uranyl acetate. Samples of pH 7 fibrils
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were usually sonicated briefly (5 s on a Kontes sonicator at
about 60 W) to ensure optimal particle size. Micrographs
were recorded with a Philips CM 120 microscope.

Aggregation assay

For aggregation kinetics, we consider that nonaggregated
HET-s PFD becomes aggregated, and in this transition is
transformed from a mainly unstructured conformation to a
predominantly B-sheet structure (amyloid form). This tran-
sition can be conveniently followed by CD. The CD spectra
were determined from 200 to 250 nm every 5 min, and val-
ues at 217 nm were recorded. In parallel, UV-visible spec-
tra from 240 to 400 nm were determined, and the
absorbances at 280 nm (tryptophan/tyrosine peak plus
scattering) and 400 nm (scattering of the sample) were
recorded. These aggregation processes may be studied as an
autocatalytic reaction using the equation

_ plexp[(1 + p)ki] — 1}
14 pexp[(1+p)kt]

f (7)

under the boundary condition of # = 0 and f = 0, where
k = kec (where c is the protein concentration), and p repre-
sents the dimensionless value used to describe the ratio of
k, to k [32]. By nonlinear regression of f against 7, values
of p and k can be easily obtained, and from them the
rate constants, k. (elongation constant) and k, (nucleation
constant), can be determined.

The extrapolation of the linear portion of the sigmoid
curve to the abscissa (f = 0), and to the highest ordinate
value of the fitted plot, afforded two values of time (¢, and
t,) that correspond to the lag time and to the time at which
the aggregation was almost complete. The time at which
half of the protein was aggregated (i.e. when f = 0.5) is the
time of half-aggregation (¢,).

These aggregation assays were performed in a tempera-
ture range from 293 to 323 K and under three agitation
conditions (0 r.p.m., 700 r.p.m., and 1400 r.p.m.). For each
condition, the assay was repeated three times. A variation
of ~ 15% in the observed aggregation constants was
detected between replicates; the average of these values was
used for calculation of the energy terms.
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ABSTRACT: Fungal prions are protein-based genetic elements. Sup35 and Ure2p constitute the best-characterized prion
proteins in the yeast Saccharomyces cerevisiae. No high-resolution molecular models of the amyloid conformations adopted by the
prion domains of these proteins are available yet. A quantitative description of the kinetics and thermodynamics of their self-
assembly processes might provide clues on the nature of the structural changes originating their heritable and transmissible
phenotypes. Here we study the temperature dependence of Sup3S and Ure2p amyloid fibril nucleation and elongation reactions
at physiological pH. Both processes follow the Arrhenius law, allowing calculation of their associated thermodynamic activation
parameters. Although the Gibbs energies (AG*) for the nucleation and elongation of both prions are similar, the enthalpic and
entropic contributions to these two processes are dramatically different. In addition, the structural properties of the two types of
prion fibrils exhibit different dependence on the polymerization temperature. Overall, we show here that the amyloidogenic

pathways of Sup35 and Ure2p prions diverge significantly.

H INTRODUCTION

Prions are naturally occurring proteins that, after a conforma-
tional conversion, self-assemble into f-sheet-enriched amyloid-
like structures and become self-perpetuating in vivo, acting as
pathological infectious agents or protein-based genetic
elements.' > Fungal prions provide an excellent model for
the understanding of disease-linked mammalian prions.
Interestingly, they do not seem to be associated with
pathological states and may even confer evolutionary
advantages.”> Among these, we found the [PSI*], [URE3],
[RNQ'], and [PIN"] prions from Saccharomyces cerevisiae and
the [Het-s] prion from the filamentous fungus Podospora
anserina.*®™® In the last years, increasing efforts have been
devoted to the elucidation of the aggregation and prion features
of these proteins. [PSI"] and [URE3], the prion forms of Sup3$
and Ure2p proteins, are the best-characterized prions in
Saccharomyces cerevisiae. Nevertheless, in contrast with [Het-
s],"*! no high-resolution structure of the infectious fibrils
formed by these prions exists. In the absence of detailed
structural information, a quantitative characterization of the
kinetics and thermodynamics of their self-assembly processes

W ACS Publications  © Xxxx American Chemical Society

might be of help in deciphering the nature of the conforma-
tional changes, leading to the formation of transmissible
amyloid structures.

In this work, we report the study of the temperature
dependence of amyloid yeast prions fibril nucleation (k,) and
elongation (k.) rate constants at physiological pH. Over the
studied temperature range, both processes followed the
Arrhenius law, allowing calculation of the thermodynamic
activation parameters associated with them and the specific
contributions of enthalpic and entropic factors to each
particular reaction, providing clues on the self-assembly
mechanism of Sup3S and Ure2p. The data indicate that the
polymerization reactions of these two yeast prions are

significantly different.
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B MATERIALS AND METHODS

Protein Expression and Purification. The Sup35 NM fragment
(residues 1—254) C-terminally tagged with 7x-histidine and the full-
length Ure2p protein N-terminally tagged with 6x-histidine were
expressed and purified essentially as previously described'*™'*
(Supporting Information).

Aggregation Assays. Aggregation of initially soluble species was
monitored by measuring the transition from nonaggregated to
aggregated states according to the Thioflavin T (Th-T) fluorescence
at 480 nm when excited at 445 nm. All experiments were carried at a
protein concentration of 10 M in native buffer (50 mM Tris-HC],
150 mM NaCl at pH 7.4) under stirring conditions (~1000 rpm with
microstir bars). Sup3$ and Ure2p aggregation processes were modeled
as autocatalytic reactions as previously described"® (Supporting
Information). The amount of insoluble fibrillar material at the end
of each reaction was quantified after centrifugation at 14 000g for 30
min. We determined 70—75 and 55—60% of insoluble material for
Sup35 and Ure2p, respectively, independent of the assay temperature.
Protein concentrations were calculated in the soluble fractions using
absorbance at 280 nm. Because soluble fractions displayed slight
turbidity, the residual scattering was corrected by subtracting the
absorbance at 320 nm.

Thermodynamic Parameters Determination. When the
logarithm of the nucleation or elongation rate constant is represented
as a function of inverse temperature, these data points fit well with a
linear function, suggesting that both processes follow the Arrhenius
law

k = Ae—EA/RT (1)

where A is the pre-exponential or frequency factor and E, is activation
energy. Taking the natural log of both sides of eq 1 one obtains

Ink=—Es/RT+InA ()

By plotting In k versus 1/T, a linear relationship is obtained and one
can determine E, from the slope (—E,/R) and A from the y intercept.

To estimate the relative contributions of activation enthalpy and
entropy in the nucleation and elongation rates, the transition-state
theory has been applied. The nucleation and elongation rates can be
expressed as

k= ke 2GR T 4nd k, = Qe AG™ /8T (3)

where k, and k, are the nucleation and elongation rates, k? and k2 are
the pre-exponential factors for the nucleation and elongation rates,
AG¥* is the standard Gibbs energy of activation, kg is the Boltzmann
constant, and T is the absolute temperature in kelvin. From the theory,
we can assume that k° is proportional to number concentration p and
to DRy, where D = kyT/(67nRy) is the diffusion coefficient of an
object whose hydrodynamic radius is Ry, at temperature T and with
medium viscosity coefficient 7. The pre-exponential factors can be
expressed as

0 133kBTCNA 0 133kBTNA
ky=——"——andk, = ————
n n (4)
where N, is the Avogadro number and c is the molar concentration.
The order of magnitude of both the enthalpy and entropy costs

associated to nucleation and elongation processes can be estimated
from the expression

k AH,* k
NAkB In _I(; = ASn* - n and NAkB In —8
ky T ke
_ ags _ AHE
o T ()

for the nucleation and elongation rates. The Gibbs energies of
activation can be determined by

AG,* = AH,* — TAS,* and AG,*
= AH* — TAS.* (6)

Transmission Electron Microscopy (TEM) Assays. For negative
staining, amyloid fibrils were centrifuged, and the insoluble fraction
was resuspended in water, placed on carbon-coated copper grids, and
left to stand for S min. The grids were washed with distilled water and
stained with 2% (w/v) uranyl acetate for another 2 min before analysis
using a Hitachi (Tokyo, Japan) H-7000 transmission electron
microscope operating at an accelerating voltage of 75 kV.

Congo Red Assay. Congo Red (CR) interaction with amyloid
fibrils was tested using a Caryl00 (Varian, Palo Alto, CA) UV/vis
spectrophotometer by recording the absorbance spectra from 375 to
675 nm using a matched pair of quartz cuvettes of 1 cm optical length
placed in a thermostatted cell holder at 25 °C. Final CR and protein
concentrations were 10 M in native buffer. Spectra were recorded
after 2 of min equilibration, and solutions without protein and
solutions without CR were used as negative controls. Binding of CR to
10 M amylin amyloid fibril solution was used as positive control.

Thioflavin Assay. Th-T binding to yeast amyloid prions was
recorded using a Varian spectrofluorometer (Cary Eclipse, Palo Alto,
CA) with an excitation wavelength of 445 nm and emission range from
470 to 570 nm. Final Th-T and protein concentrations were 25 and 10
uM in native buffer, respectively. Spectra were recorded after 2 min of
equilibration, and solutions without protein were used as negative
controls. Binding of Th-T to 10 #M amylin amyloid fibril solution was
used as positive control. Excitation and emission slit widths of 10 nm
were used.

Limited Proteolysis of Yeast Prions with Proteinase K.
Soluble or Ure2p fibrils (35 uM) formed at 293, 303, 313, and 323 K
were digested with 0.5 pg-mL™" of proteinase K in PBS for 10 min at
37 °C. Reactions were stopped by the addition of one volume of
electrophoresis loading buffer and heated at 100 °C for 5 min. They
were analyzed in 12% SDS-PAGE gels, followed by Coomassie Blue
staining.

Temperature Dependence of Intrinsic Fluorescence. Thermal
transition curves were obtained at a heating rate of 1 °C per min
following the changes of intrinsic fluorescence at 335 and 360 nm
when excited at 280 nm at an Ure2p concentration of 20 yM in a
Varian spectrofluorometer (Cary Eclipse, Palo Alto, CA). Individual
emission spectra were collected in the 300—400 nm range at 293, 303,
313, and 323 K. Excitation and emission slit widths of 10 nm were
used. Experiments were carried out in native buffer.

Bis-ANS Binding. The binding of 1 uM bis-ANS to 10 uM of
initial Sup3S and Ure2p soluble species was measured on a Varian
spectrofluorimeter (Cary Eclipse, Palo Alto, CA) in the 400—600 nm
emission range using an excitation wavelength of 370 nm. Thermal
transition curves were obtained at a heating rate of 1 °C per min by
measuring bis-ANS emission at 480 nm after excitation at 370 nm.
Excitation and emission slit widths of 10 nm were used. Experiments
were carried out in native buffer.

Secondary Structure Determination. Attenuated total reflec-
tance Fourier transformed infrared ATR-FTIR spectroscopy analysis of
yeast prion fibrils was performed using a Bruker Tensor 27 FTIR
Spectrometer (Bruker Optics, Berlin, Germany) with a Golden Gate
MKII ATR accessory. Each spectrum consists of 125 independent
scans, measured at a spectral resolution of 2 cm ', within the 1800—
1500 cm™* range. All spectral data were acquired and normalized using
the OPUS MIR Tensor 27 software. FTIR spectra were fitted to four
overlapping Gaussian curves and the amplitude, center, and bandwidth
at half of the maximum amplitude and area of each Gaussian function
were calculated using a nonlinear peak fitting program (PeakFit
package, Systat Software, San Jose, CA). Second derivatives of the
spectra were also used to determine the frequencies at which the
different spectral components were located.
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Figure 1. Amyloid structure determination. ThT fluorescence spectra taken at initial and final time points of the aggregation reactions of Sup35 (A)
and Ure2p (E). (B,F) Spectral changes of CR produced by the interaction with Sup3S and Ure2p fibrils. Absorbance spectra of the amide I region
(solid thick lines) of Sup3S (C) and Ure2p (G) showing the component bands (solid thin lines) obtained by ATR-FTIR spectroscopy. The sum of
individual spectral components after Fourier self-deconvolution closely matches the experimental data. Electron micrographs showing Sup3S (D)

and Ure2p (H) amyloid fibrils. Yeast prion fibrils were formed at 303 K.

B RESULTS

Conversion of Soluble Sup35 and Ure2p into Amyloid
Assemblies. The aggregation of Sup35 and Ure2p from their
initially soluble states promotes a strong increase in the
fluorescence emission of Th-T. (See Figure 1AE.) The two
types of aggregates also bind to CR, promoting a significant
increase and red shift of the dye absorbance maximum. (See
Figure 1B,F.) These Th-T and CR spectral changes are usually
attributed to the formation of B-sheet enriched amyloid-like
structures. The existence of a tightly packed intermolecular $-
sheet structure in the aggregated states of Sup3S and Ure2p is
confirmed by the presence of the characteristic band at 1625—
1630 cm! in the amide I region of their respective infrared
spectra, as monitored by ATR-FTIR spectroscopy. (See Figure
1C,G.) Moreover, the analysis of the aggregated solutions of
both proteins by TEM evidence that the initially soluble
polypeptides self-assemble into characteristic fibrillar structures
(Figure 1D,H), which, as previously described, might be
infective.'>'%!”

The spectral changes promoted by the aggregation of both
proteins in Th-T fluorescence allow tracking of this reaction by
monitoring the changes in the emission of this dye in a time
dependent manner. As shown in Figure 2, when the fractions of
Sup3$ and Ure2p aggregated species are plotted against time,
we obtain two sigmoid curves characterized by three kinetic
stages: (1) lag phase, (2) exponential growth phase, and (3)
plateau phase. These phases, characteristic of most amyloid
processes, reflect a nucleation-polymerization mechanism.">"®

Effect of Temperature on Sup35 and Ure2p Aggre-
gation Rates. The aggregation reactions of Sup3S and Ure2p
are sensitive to the temperature. (See Figure 2.) The nucleation
(k,) and elongation rate (k.), lag time (t,), half aggregation
time (¢;/,). and final aggregation time (#;) were calculated in
the 293—323 K temperature range (Table 1). As shown in
Figure 3A, an inverse exponential relationship is observed

Sup35
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Figure 2. Aggregation kinetics of Sup3S (A) and Ure2p (B) at 20 uM
and 293 (violet), 303 (green), 313 (blue), and 323 (red) under
agitation conditions and pH 7.5, followed by Th-T fluorescence.

between the different reaction times and the temperature for
Sup3S. In contrast, the lag, exponential, and plateau times of
the Ure2p fibrillation reaction decrease linearly with increasing
temperature. (See Figure 3B.)
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Table 1. Kinetic Parameters of Sup3S and Ure2p
Aggregation Reactions

yeast prion T (K) 293 303 313 323
Sup35 k, (10%s7") 11.11 9.03 6.72 4.66
k. (ML) 10.83 28.00 50.93 72.66
ck, (10%1) 21650  560.00 101850  1453.17

t, (min) 84.8 62.4 482 417

t1/, (min) 227.7 1212 81.8 65.7

t, (min) 370.5 180.0 115.3 89.8
Ure2p k, (10%s7") 6.14 12.30 3548 99.06
k. (MLsh) 23.53 27.75 32.48 41.73
ck, (10%Y)  470.67  555.00 649.50 834.50

t, (min) 81.1 53.8 252 8.6

t/, (min) 152.5 113.3 73.8 4.0

t, (min) 224.0 172.8 122.3 753

The duration of the lag phase for Ure2p decreases by 10-fold
at 323 K relative to that observed at 293 K, whereas only a 2-
fold reduction is detected for Sup3S. The k, for the Ure2p
reaction increases by 16-fold in the measured temperature
interval, whereas, surprisingly, for Sup35 we observe a 2-fold
decrease in k, in the same temperature range. In contrast, k,
increases by seven-fold for Sup3S and by only two-fold in

Ure2p. As a result, although the elongation reaction (t, — t;) is
faster for Ure2p than for Sup35 at 293 K, this difference is
progressively reduced at higher temperatures until at 323 K, the
elongation reaction becomes faster for Sup3S than for Ure2p.
As shown in Figure 3C, Sup3S$ exhibits an inverse relationship
between the values of k, and k, at any given temperature. In
contrast, these reaction constants are directly correlated for
Ure2p. (See Figure 3D.) Therefore, whereas for Ure2p
acceleration of the nucleation process is associated with a
higher elongation rate, the opposite effect appears to occur for
Sup3S. Independently of the relationship between k, and k,,
and as shown previously for the aggregation processes of other
amyloidogenic proteins and peptides like insulin, glucagon,
AB(1—40) or HET-s(218—289),"%° a correlation between lag
times and growth rates exists for both yeast prion proteins as it
becomes evident when plotting ck, versus f,. (See Figure 3E,F.)

Energy Barriers to Sup35 and Ure2p Amyloid
Formation. When Sup3$ and Ure2p k, and k, constants are
plotted on a logarithmic scale as a function of the temperature,
the data points fit well to a straight line (Figure S1 of the
Supporting Information), suggesting that both processes follow
the Arrhenius law (eq 2). Therefore, the self-assembly of both
proteins appears to be controlled by a single Gibbs energy
barrier in both nucleation and polymerization steps and in the
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Figure 3. Kinetic parameters for the aggregation reactions of Sup3S and Ure2p. Changes in lag time (%), half time (t,,), and complete reaction time
(t,) for Sup3S (A) and Ure2p (B) aggregation as a function of the temperature. Correlations between nucleation and elongation kinetic parameters
showed a relationship between elongation and nucleation rates in Sup35 (C) and Ure2p (D) and a correlation between the product of elongation
rate and Sup3S (E) and Ure2p (F) concentrations as a lag time (t,) function.
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analyzed temperature range. The pre-exponential or frequency
factor (A) and the activation energy (E,) can be directly
calculated from these plots (Table 2). The relative contribu-

Table 2. Thermodynamic Parameters of Sup35 and Ure2p
Aggregation Reactions

yeast prion Sup3$ Ure2p
process k, k. k, k.
E, (J-mol'") —22.95 49.67 73.51 14.45
AH* (kJ-mol™") —25.25 47.37 71.21 12.15
AS* (J- K mol") —265.5 7.737 57.34 -107.3
TAS* 55 (kJ-mol™!) -79.12 2.31 17.09 —31.98
AG¥*,5 (kJ-mol™) 53.55 46.19 55.02 44.26

tions of activation enthalpy and entropy in the nucleation and
elongation rates have been determined by applying the
transition-state theory (eq S, Figure S2 of the Supporting
Information, and Table 2). As expected, for both proteins, the
Gibbs energy barrier is higher for the nucleation than for
elongation stage. Similar AG* values are obtained for the
nucleation (~5S kJ-mol'') and elongation (~45 kJ-mol")
processes of both polypeptides. Interestingly, these values
resemble those previously calculated for the Het-s prion-
forming domain (PFD) with AG* of 57 and 43 kJ-mol ™" for the
nucleation and elongation stages, respectively.”® Despite the
similitude in AG¥, the activation energies for the nucleation
and polymerization processes differ significantly in both
proteins. E, of 74 and —23 kJ-mol ! for nucleation and E, of
14 and 50 kJ-mol ™" for elongation reactions were calculated for
Ure2p and Sup3S proteins, respectively. E, below 42 kJ-mol™*
generally indicates diffusion-controlled processes, whereas
higher values are assumed to involve a chemical reaction.”*
Accordingly, the nucleation of Ure2p appears to be a
thermodynamically unfavorable process entailing a chemical
transformation (i.e, a structural change), whereas the
nucleation stage of Sup3S seems to be a favorable process
without any apparent requirement for important structural
rearrangements. As previously observed in HET-s PED,* the
elongation of Ure2p is a thermodynamically unfavorable
reaction where diffusion might play a crucial role. In the case
of Sup3$, the elongation of the fibrils is also unfavorable but
likely depends on conformational conversions.

To clarify the aggregation mechanisms of Sup35 and Ure2p,
the relative contributions of enthalpy and entropy to the
nucleation and elongation reactions were calculated (Table 2).
Significant differences in AH* and TAS* contributions to the
nucleation and elongation processes of yeast prions were
observed. AH* and TAS* values of —25 and —79 kJ-mol™
were calculated for the nucleation of Sup3S, respectively. The
same process in Ure2p exhibits AH* and TAS* values of 71
and 17 kJ-mol ™", respectively. Therefore, although in both cases
nucleation involves a competition between enthalpic and
entropic effects, the signs of the calculated thermodynamic
values suggest two different nucleation pathways. AH* and
TAS* values of 47 and 2 kJ-mol™* were obtained for the
elongation process of Sup35, respectively. Ure2p elongation
displays AH* of 12 kJ-mol"' and TAS* of —32 kJ-mol .
Therefore, entropic and enthalpic effects compete in the
elongation of Sup3$ fibrils, whereas they act cooperatively on
the elongation stage of Ure2p. These data suggest differences in
the elongation mechanism.

Hydrophobic Clustering in Sup35 and Ure2p Soluble
States. In amyloid processes, hydrophobic forces are thought
to drive the initial unspecific condensation of monomers into
oligomeric assemblies. Changes in the fluorescence spectrum of
bis-ANS fluorescence are frequently used to detect the presence
of solvent-exposed hydrophobic clusters. We analyzed the
binding of the initially soluble states of Sup35 and Ure2p to this
dye. As shown in Figure 4, soluble Sup3$ binds to bis-ANS with
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Figure 4. Binding of soluble Sup35 and Ure2p species to bis-ANS as a
function of the temperature.

high affinity, whereas Ure2p exhibits very low binding at the
same concentration. This suggests the population of mono-
meric or oligomeric collapsed states in which hydrophobic
residues seem to coalesce into clusters in the Sup35 soluble
state. Apparently, these species are not significantly populated
at the initial stages of Ure2p aggregation. Increasing the
temperature results in a progressive decrease of the ability of
Sup35 to bind bis-ANS, reflecting a decrease in the ensemble of
collapsed conformations at higher temperatures. This decrease
in bis-ANS fluorescence emission together with the reduction
in the nucleation rates of Sup35 aggregation reactions at
increasing temperatures, might suggest that the presence of
hydrophobic surfaces could play an important role in the
nucleation stage.

Effect of Temperature on Ure2p Conformation. The
Sup3S NM (1-254) and Het-s PFD (218—289) regions
typically used to study the aggregation and infective properties
of the correspondent proteins correspond to the prion-forming
domains of these molecules and are likely devoid of any
significant regular secondary or tertiary structure in their
respective monomeric states.”””>* In contrast, the full-length
protein, comprising both the prion unstructured region and a
globular a-helical domain displaying a glutathione-S-trans-
ferase-like fold, has been used traditionally to study the
aggregation and transmissibility of Ure2p, as is the case of the
present study. Energetic calculations suggest that the nucleation
step of Ure2p amyloid formation involves a structural
rearrangement of the molecule. Therefore, we analyzed if the
soluble structure of Ure2p experiences any detectable temper-
ature-dependent conformational change by monitoring the
intrinsic fluorescence of this protein. The fluorescence emission
spectrum of Ure2p is dominated by the contribution of Trp
residues with a maximum at ~335 nm (see Figure SA). The
emission maximum intensity decreases with increasing temper-
ature following an apparently cooperative reaction that could be
fitted to a two-state transition in the measured temperature
range. This observation likely indicates a structural perturbation
of the globular domain were Trp residues reside upon
increasing the temperature. (See Figure SAB.) The detected
changes in fluorescence exhibit a linear correlation with
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Figure S. Conformation of Ure2p protein as a function of the
temperature. (A) Fluorescence spectra of the initial soluble state of
Ure2p at 293, 303, 313, and 323 K. (B) Dependence of Ure2p intrinsic
fluorescence on the temperature. The fit of the data to a two-state
cooperative unfolding model is depicted as a continuous line. (C)
Logarithmic relationship between intrinsic fluorescence signal and
nucleation constant (k,). LF., intrinsic fluorescence; a.u., arbitrary
units.

measured lag phases at the different assayed temperatures
(Figure SC), suggesting that the observed temperature-
dependent acceleration of the nucleation reaction might be
associated with Ure2p conformational changes.

Effect of Temperature on the Conformation of Sup35
and Ure2p Fibrils. The structure of amyloid assemblies can be
modulated by the aggregation conditions;?® that is, in the HET-
s PFD system, slow aggregation at low temperatures favors the
formation of ordered fibrils, whereas the acceleration of the
process by higher temperatures promotes the population of
more disordered assemblies,”® an effect that is well-documented
for other amyloid proteins as barstar, insulin, or a-
synuclein.”*"*® We assayed the properties of Sup35 and
Ure2p fibrils formed in the 293—323 K temperature range
using TEM and fluorescence microscopy. As shown in Figure
6A, Sup3S forms amyloid fibrils that can be visualized as
fluorescent aggregates after staining with the amyloid binding
dye Th—S under all conditions. Sup3$ fibrils are small, associate
into rather disordered aggregates, and do no exhibit detectable
morphology changes with the temperature, as observed by
TEM. This type of disordered fibril association under agitation
conditions has been also described in the polymerization of the

HET-s (218—289) prion.”® The observed structures corre-
spond to mature Sup35 assemblies in our experimental
conditions because the fibrils formed upon 1 week of
incubation under the same conditions displayed identical
morphological properties (data not shown).

Although all Ure2p fibrils bind to Th—S, TEM micrographs
show that their morphology display a clear temperature
dependence. (See Figure 6B.) The analysis of 100 individual
fibrils formed under each condition shows that the width of
Ure2p fibrils remain practically invariable (23 +3and 20 + 4
nm for fibrils formed at 293 and 323K, respectively), whereas
the fibril length is reduced as a function of the temperature,
with lengths of 550 + 220, 260 + 90, 240 + 90, and 130 + 50
nm for fibrils formed at 293, 303, 313, and 323 K, respectively.
In addition, whereas the fibrils formed at lower temperatures
tend to associate laterally and to cluster, the assemblies formed
at higher temperature appear, essentially, as isolated short
fibrils.

We analyzed the secondary structure content of Sup3S and
Ure2p fibrils formed at different temperatures (Figure 7A,D) by
ATR-FTIR. Consistently with the uniform macroscopic
appearance, no significant changes in the conformation of
Sup3S fibrils were observed, as evidenced by the overlapping IR
spectra. Deconvolution of the absorbance spectra in the amide I
region allows us to confirm that the same structural
components, almost exactly in the same proportions, are
common to all Sup3$ fibrils (Table S1 of the Supporting
Information). In contrast, the ATR-FTIR spectra of Ure2p
fibrils exhibit temperature dependence. Deconvolution of the
spectra evidence changes in the secondary structure of the
fibrils with the temperature. In this way, the intermolecular f-
sheet component at 1605—1635 cm™ steadily increases with
the temperature, corresponding to 26% of the total signal in the
amide I region in the fibrils formed at 293 K and 48% in those
formed at 323 K; moreover the fibrils formed at 323 K lack the
p-turn signal at ~1675 cm™ present in the other species (Table
S1 of the Supporting Information). The detected f-sheet
component proportions are in excellent agreement with those
observed previously for Ure2p amyloid fibrils formed at 290 K
under quiescent conditions (28%) and upon heating of these
preformed fibrils at 333 K (46%).>°

We quantified the binding of the different fibrils to Th-T
(Figure 7B,E) and CR (Figure 7C,F). Sup3S fibrils display
similar Th-T fluorescence spectra independently of the
incubation temperature. In contrast, for Ure2p fibrils, Th-T
fluorescence emission exhibits clear temperature dependence.
Consistently with the detected increase in intermolecular f-
sheet content, in Ure2p fibrils, Th-T emission increases
significantly at higher temperatures. Exactly the same temper-
ature dependence is observed for the binding of Ure2p fibrils to
CR, whereas the binding of Sup35 fibrils formed at different
temperatures renders essentially the same CR absorbance
spectrum. The observed differences in Ure2p binding to
amyloid dyes do not result from a different amount of
aggregated material at the end of the reactions at the assayed
temperatures because in all cases it comprises 55—60% of the
total protein.

Overall, secondary structure analysis and amyloid binding
properties indicate that the Sup3$ fibrils formed at different
temperatures are conformationally indistinguishable, whereas,
apparently, an increasing proportion of the Ure2p polypeptide
chain is incorporated into the cross-f sheet structure of its
fibrils when the temperature is raised. Proteinase K (PK) is a
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Figure 6. Effect of temperature on the morphology of Sup3S (A) and Ure2p (B) aggregates. Electronic micrographs (upper panels) and visualization
of Th—S fluorescence (lower panels) of amyloid-like aggregates at 293 (A), 303 (B), 313 (C), and 323 K (D). In the lower panels, left series
correspond to phase contrast microscopy and right series correspond to fluorescence microscopy under UV light; note that the scale bar for Th—S

fluorescence visualization corresponds to 10 ym.

protease usually used to map the protected core of amyloid
fibrils because despite its high activity for cleaving peptide
bonds it cannot attack the highly packed backbones in an
amyloid f-sheet structure. We analyzed the proportion of full-
length Ure2p protected from proteolytic digestion at the
different assayed temperatures (Figure 8). Under the
conditions of the assay, soluble Ure2p is completely cut by
the protease. Under the same conditions, the amount of full-
length protein protected from digestion in the fibrils increases
along with the temperature (Figure 8).

B DISCUSSION

Prions are infectious proteins able to switch from an initially
soluble conformation to an aggregated and transmissible
amyloid state. Although a significant number of proteins are
able to attain amyloidogenic conformations, only a reduced
fraction of them have been shown to behave as prions.
Characterization of the kinetic parameters governing amyloid
fibrillation together with the conformational properties of the
resulting amyloid fibrils might help us to understand basic
features of the mechanism and interactions, promoting self-
assembly during prion fibrillogenesis.

The final conformation of an amyloid fibril might depend
both on the nature of the nucleus that acts a template and on
the properties of the soluble protein that is incorporated at the
fibril ends. In certain cases, the templating effect of the nucleus
predominates,®** whereas in other occasions are the structural
characteristics of the soluble protein that exert the main control

on the physical properties of the fibrils.>® Interestingly, we
observe that in the case of Sup35, although temperature affects
the kinetics of both the nucleation and elongation stages, it has
a negligible effect on the structural properties of the resulting
fibrils, as assessed by Th-T and CR binding, TEM, and FTIR
spectroscopy. This suggests that in the studied range the
temperature does not significantly affect the overall conforma-
tional properties of the aggregated state or soluble Sup35
molecules, although differences can still exist on the molecular
level. This is in excellent agreement with recent data indicating
that the Sup3S oligomers formed in our temperature range
share similar conformational properties and the resulting fibrils
display similar infectiveness.**

The NM (1-254) domain used here, and in most studies,
corresponds to the prion-forming domain of Sup3$ and is not
expected to adopt any regular secondary or tertiary structure in
its monomeric form in solution.>> However, its strong binding
to bis-ANS indicates that given the essentially polar nature of
this domain sequence, it can form at least partially collapsed
states with clustered hydrophobic surfaces at the beginning of
the aggregation reaction. This clustering might result from 7-
stacking interactions among the many tyrosine residues in the
N region of Sup3S. These results are in good agreement with
single-molecule fluorescence resonance energy transfer (SM-
FRET) and fluorescence correlation spectroscopy data on the
structure and dynamics of monomeric NM.’® SM-FRET
experiments indicated that the N region of NM adopts a
collapsed state corresponding to a multitude of interconverting
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Figure 7. Effect of temperature on the secondary structure and
amyloid properties of Sup3S (left) and Ure2p (right) aggregates.
Absorbance spectra of the amide I region of panels A and D, CR (B,E),
and Th-T (C, F) spectral changes upon binding to aggregated proteins
of Sup3$S and Ure2p prions, respectively, formed at 293 (violet), 303
(green), 313 (blue), and 323 (red); note the shift in 4, and increase
in absorbance of CR and in Th-T fluorescence (with a maximum at
~480 nm) in the presence of the different amyloid-like aggregates.
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Figure 8. Resistance of Ure2p fibrils against proteolysis. Resistance of
full-length Ure2p to proteinase K (PK) digestion in the fibrils formed
at 293, 303, 313, and 323 K, as shown by SDS-PAGE. Ure2p and
MON refer to the soluble Ure2p protein in the absence and presence
of pK, respectively.

species, similar to the initial intermediates formed during the
folding of globular proteins. The presence of denaturant was
shown to decrease the compactness of the ensemble. Similarly,
increasing the temperature decreases the presence of exposed
hydrophobic clusters, with a concomitant reduction in the
nucleation rates, suggesting that the population or the relative
stability of this collapsed ensemble might play an important
role in nucleus formation. The aggregation of Sup35 has been
shown to be consistent with the nucleated conformational
conversion mechanism.>” Importantly, hydrophobic forces are
thought to drive the initial condensation of monomers into
amorphous oligomers entailing an increment in bis-ANS
fluorescence, which might explain the observed relationship
between bis-ANS binding and the nucleation rate. In this
model, upon the initial collapse, polypeptides within the
disordered oligomers realign slowly to establish hydrogen
bonds that favor the formation of f-sheets. Like in protein
folding, the formation of new noncovalent interactions would
be favorable from the enthalpic point of view (AH* = —2§

kJ-mol™*) but unfavorable entropically because the conforma-
tional fluctuations would be strongly reduced in the ordered
oligomer relative to the initially loosely packed collapsed state,
which might explain the negative TAS* (—79 kJ-mol™") value
for the nucleation stage of Sup3S.

The large enthalpy change in the elongation of Sup35
indicates that the activated and inactive states for this reaction
differ significantly in energy and together with the discrete
increase in entropy suggests that a transition from an ordered
and bound conformation to a more loose structure occurs
during fibril growth. The sign of the enthalpic and entropic
terms are identical to those reported for Af peptide
elongation.”® Like in the case of Af, Sup35 monomer is not
expected to possess a regular and stable structure, which can
unfold in the activation process. Instead, as proposed for AS,*®
a partial unfolding of the structured fibril end might occur to
accommodate the incoming monomer, which would involve
disruption of some noncovalent bonds among the fibril tip
molecules with its corresponding activation energy. This
unfolding would increase the system entropy, in agreement
with the observed positive entropy term and observed
dependence of the elongation rate on the temperature. Despite
the fact that temperature increases the elongation speed by
seven-fold, it does not change the fibrils overall physical
properties, which supports incoming Sup35 molecules being
template by a rather common pre-existent conformation at the
fibril ends.**

The sign and magnitude of the observed changes in the
nucleation and elongation constants of Ure2p with temperature
are in good agreement with those reported previously by
studyin§ its aggregation kinetics at 298 and 310 K in different
buffers.” Temperature induces important changes in the final
physical properties of Ure2p fibrils, modifying their overall
secondary structure content and specifically increasing the
proportion of intermolecular }-sheet conformations. A similar
increase in f-sheet content was observed when Ure2p fibrils
preformed at 310 K were heated to 333 K.*° This behavior has
been interpreted as parts of Ure2p molecules being still flexible
in the fibrils formed at low temperature; in such a way that the
heat-induced structural rearrangement leads to the reorganiza-
tion of Ure2p flexible regions within the fibrils into more rigid
P-sheet structures.® The progressive incorporation of the full-
length Ure2p protein in the protected fibrillar structure that we
observe when fibril formation occurs at increasing temperatures
is in agreement with this view and might reflect the transition
from a state in which the prion domains of Ure2p form an
amyloid core decorated with flexible, globular and functional
domains® to a state in which the globular domains are at least
partially incorporated in the main intermolecular f-sheet
structure of the fibril.

The nucleation rate for Ure2p is highly dependent on the
temperature. The thermodynamic parameters for the nuclea-
tion stage of Ure2p indicate that this reaction is mainly
enthalpically driven (AH* = 71 kJ-mol™"), likely involving a
conformational change in the soluble Ure2p species. This is in
agreement with the observed temperature-dependent shift in
Ure2p intrinsic fluorescence. This change in the local
environment of Trp residues does not correspond to the
denaturation of the globular domain because this process has
been shown to occur only at higher temperature (~350 K) and
exhibit a high AH,, (346 kJ-mol™')* but would rather reflect
partial unfolding or conformational fluctuations, which might
favor the transient population of amyloidogenic intermediates
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in Ure2p.” This view is consistent with the positive but small
entropy change (TAS* = 17 kJ-mol™') calculated for the
nucleation reaction.

The effect of temperature in the elongation rate of Ure2p is
rather small. Interestingly, Ure2p elongation displays values of
AH* (12 kJ'mol'") and TAS* (—32 kJ-mol"), very close to
those exhibited by P. anserina HET-s prion,” another protein
in which the globular domain remains essentially folded in the
fibrils at physiological temperature.** The elongation reaction is
unfavorable from both the enthalpic and entropic points of
view. The rate of Ure2p fibril elongation appears to be
controlled by two cooperative effects of similar magnitude. In
contrast with Sup3S, a loss of entropy is calculated for the
elongation process (TAS*= —32 kJ-mol"). The reduced AH*
value (AH* = 12 kJ-mol '), suggests that the fibrils might
accommodate the incoming Ure2p prion monomers without
substantial disorganization of their initial structure, which is in
agreement with the globular domain being essentially folded in
the fibrils. The loss of translational, rotational and conforma-
tional energy of the polypeptide monomers, and especially of
the unstructured and flexible prion Ure2p region, upon binding
to pre-existing fibrils would account for the calculated loss of
entropy in the elongation process, as shown recently for a-
synuclein.*

B CONCLUSIONS

Overall, the results in the present work suggest that the
pathways by which different, initially soluble, prion proteins
reach their amyloid states might diverge significantly, at least in
kinetic and thermodynamic terms. The aggregation of both
Sup3S and Ure2p prions depends on the presence of Gln/Asn-
rich sequential stretches. However, our data indicate that
specific sequential traits in these regions control the prion
amyloid formation pathways as well as the structural features of
the resulting aggregates, thus modulating the formation of
infective conformations.
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The neurotoxicity effect of the B-amyloid (AB) peptide, the primary constituent of senile plaques in
Alzheimer’s disease, occurs through interactions with neuronal membranes. Here, we attempt to clarify
the mechanisms and consequences of the interaction of AR with lipid membranes. We have used lipo-
somes as a model of biological membrane, and have devoted particular attention to the bilayer charge
effect. Our results show that insertion and surface association of peptide with membrane, increased in
a membrane charge-dependent manner, lead to a reduction of AB soluble species, lag time elongation
and an increase in the inter-molecular B-sheet ratio of amyloid fibrils. In addition, our findings suggest
that the fine balance between peptide insertion and surface association modulates AR aggregation,
influencing the amyloid fibrils concentration as well as their morphology.

© 2012 Elsevier Masson SAS. All rights reserved.

1. Introduction

Protein folding into non-native states is usually associated with
the conversion of peptides or proteins from their soluble and
functional conformations into highly organized fibrillar aggregates,
generally described as amyloid fibrils [1-3]. Alzheimer’s disease
(AD), one of the most common causes of adult dementia, has been
directly related to the accumulation of B-amyloid (AB) peptides in
the brain [4,5]. Although historically the mature AB fibrils were
considered as responsible of the neuronal cell death [6], the low
correlation between amyloid plaques load and the clinical severity
of the disease [7,8] suggest that soluble assemblies of AR might be
responsible for synaptic dysfunction in AD [9] and mature fibrils
present in the tissue deposits might even act protective material
[2,10]. Since it was been vastly shown that AB could interact with
synthetic lipids in vitro [11—27], neuronal membranes have to play
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a significant role in the cytotoxic process. One proposed mecha-
nism for AB neurotoxicity is membrane disruption and depolar-
ization mediated by either ion-channel formation or an increase in
overall membrane conductance, resulting in the alteration of ion
homeostasis and deregulation of neuronal signal transduction,
leading to cell death [28—38]. However, it is still unclear how the
interaction of amyloid species with membranes causes disruption
of the bilayer, leading to a disruption of membrane integrity.

Here we examined the influence of the surface charge of lipid
membranes on the specificity of AB40 membrane binding, and how
such a charge modifies peptide permeabilization. Since neuronal
membranes, in not excited state, have a resting potential ranging
from —70 to —80 mV, large unilamellar vesicles with a molar
content in negatively charged lipids ranging from 0 to 50% were
used as a biomimetic model alternative to natural cell membranes
in vivo, in order to test the effect of membrane negative charge on
AP40 aggregation. For this purpose, extruded liposomes of PC:PS
100:0 (molar ratio) (zwitterionic liposomes), PC:PS 75:25 (25%
negative charge) and PC:PS 50:50 (50% negative charge) were
prepared (PC: phosphatidylcholine and PS: phosphatidylserine). As
the melting temperature of the phospholipids is well below room
temperature, the liposomes formed are found in liquid crystal
phase. Thus, we checked fluid liposome-induced changes in the
AP40 aggregation rate as well as the consequences of the amyloid
formation for membrane integrity.


Delta:1_given name
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_given name
Delta:1_surname
Delta:1_given name
mailto:raimon.sabate@uab.cat
mailto:joanestelrich@ub.edu
www.sciencedirect.com/science/journal/03009084
http://www.elsevier.com/locate/biochi
http://dx.doi.org/10.1016/j.biochi.2012.03.027
http://dx.doi.org/10.1016/j.biochi.2012.03.027
http://dx.doi.org/10.1016/j.biochi.2012.03.027

R. Sabaté et al. / Biochimie 94 (2012) 1730—1738 1731

2. Materials and methods
2.1. Materials

Soybean phosphatidylcholine (PC) (Lipoid S-100) was a gift from
Lipoid (Ludwigshafen, Germany) and phosphatidylserine (PS) from
bovine spinal cord was obtained from Lipid Products (Nutfield,
U.K.). The 1—40 fragment of AB peptide was obtained from Bachem
(Bubendorf, Switzerland). Organic solvents were purchased from
VWR (Darmstadt, Germany). Solutions were prepared in double-
distilled water purified through a MilliQ system (Millipore, USA).

The identity and homogeneity of the peptide were re-evaluated in
our laboratory by an Ultraflex MALDI-TOF mass spectrometer (Bruker
Daltonics, Germany), operating in linear mode under 20 kV, and were
found to be >95% in all cases, in accordance with the manufacturer’s
specifications. To obtain a soluble peptide stock solution, a solution of
AP40 peptide in 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) was
prepared at 2 mg mL ™!, was centrifuged at 15,000 g at 4 °C for 15 min
and, finally, filtered through Millex-GV 0.22-pm filters (Millipore,
USA) in order to remove the possible residual quantity of high
aggregates. Stock solutions were divided into aliquots and HFIP was
removed by evaporation under a gentle stream of nitrogen, leaving
a slightly yellow film. The samples were kept overnight in a desic-
cator under vacuum. Finally, they were stored at —80 °C. When
required, the samples were suspended in 50 pL of anhydrous
dimethyl sulfoxide (DMSO) and bath-sonicated bubbling nitrogen
gas for 15 min. Sonication was crucial for removing any trace of non-
dissolved seeds that may resist solubilisation and the nitrogen
bubbling for purge the residual traces of HFIP from the samples. It is
known that HFIP can present cytotoxicity [39] and alter the lipid
arrangement inducing membrane disruption [40]. However, the
disruptive effect of HFIP affects mainly the saturated and/or gel-
phase phospholipids. Since the main phospholipid used (PC) is
unsaturated and its physical state is liquid crystal, HFIP does not alter
our bilayers. Aliquots of soluble AB40 peptide were added to 100 pL
aggregation buffer 10x (100 mM Tris-HCl, 5 mM of MgCly, 10 mM
CaCl, pH 7.4) and 850 pL of MilliQ water (or liposomal solution),
yielding a final peptide concentration of 20 uM.

2.2. Liposome preparation and characterization

Phospholipids dissolved at 20 mM concentration in a mixture
(2:1, volume ratio) of chloroform and methanol were placed in
a round-bottom flask and then dried in a rotary evaporator under
reduced pressure at 40 °C to form a thin film on the flask. The film
was hydrated with Tris—HCI buffer (10 mM, pH 7.4) to give a lipid
concentration of 10 mM. Multilamellar liposomes (MLV) were
formed by constant vortexing for 4 min in a vortex mixer followed
by sonication in a Transsonic Digitals bath sonifier (Elma, Germany)
for 10 min. MLV were downsized by extrusion at 40 °C in an
Extruder device (Lipex Biomembranes, Canada) through poly-
carbonate membrane filters of variable pore size under nitrogen
pressures of up to 55 x 10° N m~2 [41]. Liposomes were extruded in
three steps: first through a 0.8 um pore diameter filter, then
through a 0.4 nm membrane and finally through a 0.2 pm filter.
Three consecutive extrusions were performed at each step to
render large unilamellar vesicles (LUVs). The mean and the distri-
bution of the particle size were determined by dynamic light
scattering at 25 °C with a Zetasizer NanoZS90 (Malvern, UK). For
viscosity and the refractive index, water values were used.

2.3. Aggregation kinetics

The aggregation of AB40 from soluble material in the presence or
absence of liposomes (1 mM) was followed by measuring the

increased fluorescence of thioflavin-T (Th-T) when it binds to
aggregate structures. Th-T has been observed to bind cross-f ladders
as small as four to five strands corresponding to tetramer and pen-
tamer of Af peptide. Hence, the enhancement of Th-T fluorescence is
not observed with AR monomers and small oligomers [42]. A Cary
Eclipse spectrofluorometer (Varian, Palo Alto, CA) was employed for
measuring the fluorescent emission of Th-T at 480 nm after excita-
tion at 445 nm. The spectra of Th-Tat 25 uM without or in presence of
20 uM of AP40 aggregates were recorded. The sample was gently
stirred during the measurements. All experiments were carried out
at 37 °C. As the obtained curves present a sigmoidal shape, the
mathematic model to follow the aggregation can be similar to the
used for a catalytic reaction. A distinctive characteristic of any
catalytic reaction lies in the fact that the process is performed at
a variable concentration of catalyser. Here the “catalyser” would
correspond to the initial peptide concentration. Based in the former
assumption, the AB40 aggregation process was studied as an auto-
catalytic reaction using the equation

el(+pkt] _ 1

f = P_l +p x el(1+p)kt]

under the boundary condition of t = 0 and f = 0, where f is the
fraction of initial peptide which has undergone an aggregation, k is
a constant value related to kea (when a is the protein concentration
and ke is the elongation constant) and p represents the dimen-
sionless value to describe the ratio of k, (nucleation constant) to k.
By non-linear regression of f (aggregated fraction) against t (time),
values of p and k can be obtained easily; and from these, the rate
constants, ke and kj. The extrapolation of the growth portion of the
sigmoid curve to the abscissa (f = 0), and to the highest ordinate
value of the fitted plot, afforded two values of time (tp and ty),
which correspond to the lag time and to the time at which the
aggregation was almost complete [43].

2.4. Secondary structure determination

Attenuated total reflectance Fourier transformed infrared
spectroscopy (ATR-FTIR) analyses of AB40 aggregates were per-
formed using a Bruker Tensor 27 FTIR Spectrometer (Bruker Optics,
Ettingen, Germany) with a Golden Gate MKII ATR accessory. Each
spectrum consists of 20 independent scans, measured at a spectral
resolution of 1 cm~! within the 1800—1500 cm™~! range. All spectral
data were acquired and normalized with the OPUS MIR Tensor 27
software. FTIR spectra were fitted to four overlapping Gaussian
curves and the amplitude, centre and bandwidth at half of the
maximum amplitude and area of each Gaussian function were
calculated using a non-linear peak-fitting program (PeakFit
package, Systat Software, San Jose, CA). Second derivatives of the
spectra were also used to determine the wavenumber at which the
different spectral components were located.

2.5. Amyloid specific dyes staining

CR binding to AB40 aggregates (obtained at the final time of the
aggregation) was tested with a Cary-100 Varian UV/Vis spectro-
photometer (Varian, Palo Alto, CA) by recording the absorbance
spectra from 375 to 675 nm at 25 °C. Spectra of CR at 5 uM in
presence of AB40 and of AP40-liposomes were recorded and
deconvoluted in four Gaussian bands. Finally, in order to detect the
typical amyloid band at ~541 nm, the differential spectra for each
AP40 aggregate were determined. For optical microscopy analysis,
AP40 aggregates were incubated for 1 h in the presence of 50 uM CR
and the precipitated fraction, obtained by centrifugation at 14,000 g
for 5 min, was placed on a microscope slide and sealed. CR
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birefringence was tested under cross-polarized light with an optic
microscope (Leica DMRB, Heidelberg, Germany). For the centrifu-
gation assay, after 15 min of incubation, the samples were centri-
fuged at 15,000 g for 30 min at room temperature. This method
requires only knowing the molar absorptivity of free dye, because
bound dye is physically separated from the free form. The super-
natant, which contained the free dye, was discharged and the
corresponding absorbance was measured from 375 to 675 nm.

The binding of Thioflavin-T (Th-T) to AP40 aggregates was
recorded using an optical microscopy analysis. AB40 aggregates
were incubated for 1 h in the presence of 125 uM of Th-T and the
precipitated fraction, obtained by centrifugation at 14,000 g for
5 min, was placed on a microscope slide and sealed. Th-T relative
fluorescence images of AB40 aggregates were obtained at 40-fold
magnification under UV light in Leica fluorescence DMRB micro-
scope (Leica Microsystems, Mannheim, Germany).

2.6. Transmission electronic microscopy (TEM)

The morphology of aggregates of AB40 was observed by Trans-
mission electronic microscopy using a Hitachi H-7000 microscope
operating at 75 kV. AB40 in fibrillar form was previously sonicated
for a short time to ensure optimal particle size. The aggregates of
AB40 were adsorbed to freshly glow-discharged carbon-coated
grids, rinsed with water and stained with 2% (w/v) uranyl acetate.

2.7. Permeability studies

For these studies, liposomes were prepared by hydrating the
dried lipids with an aqueous solution of calcein (CL) at 100 mM. At
this concentration, CL is self-quenched and only low fluorescence is
detected. After preparation of the liposomes, the non-encapsulated
dye was eliminated by the mini-column centrifugation technique
[44]. Liposomes were diluted to a final lipid concentration of 1 mM
in presence of 20 uM of soluble AB40 peptide at 37 °C. If a conse-
quence of the interaction of peptide with membrane, this
undergoes a poration, calcein is released from the internal space
and it becomes diluted and unquenched, thereby causing an
increase in fluorescence. The percentage of CL released under the
influence of AB40 was determined after measurement of the rela-
tive fluorescence intensity using Aex of 472 nm and Aey, of 516 nm.
Dynamic light scattering was used to corroborate membrane
disruption and liposome integrity. At the final time of each reaction
we have added 10 pL of 10% Triton X-100 (TX-100) in order to
disrupt the residual liposomes amount and determine the maximal
relative fluorescence of the CL (showing 100% of liposome leakage).

2.8. Western blot

Amyloid-like aggregates of AB40 formed in absence or presence
of liposomes were transferred onto PVDF membranes; and
recombinant proteins, detected with an anti-oligomer antibody
(Biosource, Camarillo, CA). The membranes were developed with
the ECL method [45].

3. Results
3.1. Effect of artificial membranes on A(340 aggregation kinetics

The Th-T trace from amyloid formation is characterized by
a sigmoidal curve shape. During the initial lag phase, oligomers are
built up to the critical size detectable by Th-T and during the
elongation phase the fluorescence intensity increases rapidly as
fibrils elongate. As explained elsewhere [15], liposome composition
alters the aggregation kinetics of Af40. As shown in Fig. 1, all of
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Fig. 1. Curves of aggregation of AB40 in absence (red) and in presence of PC:PS 100:0
(blue), PC:PS 75:25 (green) and PC:PS 50:50 (violet) liposomes. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version
of this article.)

liposome systems checked delayed AP40 aggregation. The delay
was greater in the presence of negatively charged liposomes. In this
way, an increment from 21 to 53 min for o (lag time, i.e. the time
necessary to observe the first aggregates) was observed when
comparing the aggregation of the peptide alone with that in the
presence of liposomes with 50% negative charge. Similar incre-
ments were observed for ti2 and t; in the presence of charged
liposomes (Table 1).

The k;, of the AB40 aggregation reaction was reduced 7-fold in
the presence of uncharged liposomes and 15-fold in presence of
liposomes with 50% charge. The k. remained practically constant
regardless of the absence or presence of liposomes. The selective
and dramatic alteration of k;, suggests that Ap40 interaction with
liposomes occurs at the initial stages of AB40 polymerization.

3.2. Presence of (-sheet structure in AG40 aggregates

To assess whether the presence of anionic and neutral lipo-
somes alters the secondary structure of AB40 assemblies, the
aggregates obtained in the final time course of each aggregation
reaction were analysed by ATR-FTIR. In peptides and proteins,
amide I region (around 1600—1700 cm™!) is assigned to the C=0
stretching mode of the peptide main chain. Native -sheet proteins
produce amide 1 peaks clustering between 1630 cm~! and
1643 cm™! (intra-molecular B-sheets), whereas amyloid fibrils
present a band that extends from 1611 cm~'—1630 cm™! (inter-
molecular B-sheets). A difference between the bands of both kinds
of B-sheets is that the inter-molecular B-sheets bands are usually
narrower that the observed for intra-molecular B-sheets [46]. As

Table 1

Kinetics of the aggregation of AB40 in the absence and presence of different types of
liposomes. ck. is the product of peptide concentration and the elongation constant.
The kinetic parameters were obtained under the supposition that the aggregation
follows an autocatalytic model.

Kinetic parameters Ap40

Liposomes - PC:PS 100:0 PC:PS 75:25 PC:PS 50:50
to (min) 21 37 45 53

t1/2 (min) 35 51 64 76

t; (min) 51 65 84 99

ko (10%s71) 16.87 2.57 1.39 1.14

ke (M~'s1) 60.00  59.28 51.23 43.17

cke (103 M~ s71) 221 2.19 1.89 1.59
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shown in Fig. 2, and more clearly in Fig. 2a, all AB40 aggregates had
a main band at ~1630 cm~! in the amide I region, suggesting that
they display similar inter-B-strand hydrogen bonds.

Fitting analysis was done on the amide I band contour using four
overlapping Gaussian curves, as shown in Fig. 2a. Peak positions of
each deconvoluted band are related to specific secondary structure
elements (Table 2). It can be observed that the aggregate content in
B-sheet inter-molecular structure increased from 36% in the
absence of liposomes to ~57% in their presence.

Therefore, although all of aggregates displayed characteristic
inter-molecular B-sheet structures, the B-sheet content of the
aggregates formed in presence of liposomes is significantly larger
than that in the aggregates formed by the peptide alone.

3.3. Amyloid-like properties of AB40 aggregates

To determine whether the B-sheet structure detected in Ap40
aggregates in both the absence and presence of liposomes corre-
sponds to an amyloid-like conformation, the binding of these
aggregates to the widely used amyloid diagnosis dyes, Congo Red
(CR) and Thioflavin-T (Th-T), was studied. As Congo-Red (CR) does
not directly interfere with phospholipids of bilayers [47], it allows
study of AP40 fibrillation in presence of liposomes. All AB40
aggregates bound to CR, as shown by an increase in the absorbance
of the dye and by a shift of the maxima towards higher wavelengths
(Fig. 3a). Moreover, the differential spectrum (the spectrum of A
bound to CR minus the spectrum of CR alone) (Fig. 3b) showed
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Fig. 2. Secondary structure of AB40 determined by ATR-FTIR spectroscopy in absence
(red) and in presence of PC:PS 100:0 (blue), PC:PS 75:25 (green) and PC:PS 50:50
(violet) liposomes. (a) Absorbance in the amide I region as a function of wavelength.
FTIR spectra were fitted to four overlapping Gaussian. The sum of the four bands
overlaps the experimental data closely. (b) Second derivative of the spectra showed in
(a). (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

Table 2
Assignment of secondary structure of Af in the fitted FTIR spectra in absence and
presence of liposomes.

APB40 Band (cm™') Area (%) Structure
Liposomes — 1613 3 Side chain
1628 36 B-sheet (inter)
1650 61 Loop/B-turn/bend/a-helix
1674
PC:PS 100:0 1614 4 Side chain
1630 56 B-sheet (inter)
1650 40 Loop/B-turn/bend/a-helix
1666
PC:PS 75:25 1614 3 Side chain
1630 57 B-sheet (inter)
1651 40 Loop/B-turn/bend/a-helix
1668
PC:PS 50:50 1612 2 Side chain
1629 58 B-sheet (inter)
1653 40 Loop/B-turn/bend/a-helix
1674

a band at ~ 541 nm characteristic of amyloids. As confirmed by
centrifugation (Fig. 3c), the differences observed in the CR spec-
trum, with a PC:PS 0:0 > PC:PS 50:50 > PC:PS 75:25 > PC:PS 100:0
effect, are directly related to amyloid fibril concentration in the
different samples. In addition, all AB40 amyloid-like aggregates
display CR birefringence on incubation with CR and illumination
under cross-polarized light in an optical microscope (data not
shown). To further confirm the presence of amyloid-like fibrils, the
binding of these AB40 aggregates to Th-T was tested. Th-T becomes
fluorescent in the presence of aggregated, but not soluble, amyloid
[48]. Thus, its fluorescence can be used to monitor the aggregation
process. AB40 aggregates bound to Th-T induced differential
changes in Th-T relative fluorescence in the same manner as in CR
(Fig. 3d). Furthermore, all samples had Th-T fluorescence staining,
observable by optical fluorescence microscopy (data not shown).

In summary, although the Ap40 aggregates formed in absence of
liposomes displayed fewer inter-molecular $-sheets (as detected by
ATR-FTIR) than those formed in presence of liposomes, the final
concentration of amyloid fibrils was higher in absence than in
presence of liposomes.

3.4. AB40 fibril morphology

Transmission electron microscopy (TEM) monitors the
morphology of protein aggregates and, more specifically, the
presence of amyloid-like fibrils in aggregated samples. As shown in
Fig. 4 and Supplementary 1, although all AB40 aggregates corre-
sponded to amyloid-like fibrillar structures, micrographs showed
a variety of morphologies. Thus, whereas AB40 fibrils formed in
absence of liposomes displayed macroscopically well-formed fibrils
(Fig. 4a), AP40 fibrils formed in presence of liposomes were
macroscopically more disordered, with a concomitant reduction in
fibrillar size when the negative charge of liposomes increased (see
Fig. 4b—d). The reduction in size entails an increase in the number
of fibrils for a given fibril mass.

3.5. Effect of AB40 presence on the integrity of artificial membranes

Proteins can induce the aggregation of liposomes through
a bridging mechanism [49]. Concretely, this fact has been observed
for Ap40, AB42, human amylin and prion (106—126) peptides [50].
However, this effect is extremely dependent on the medium where
liposomes are suspended, on the presence of Gy ganglioside in the
bilayer, and on the electrical charge (neutral liposomes are more
prone to aggregation than the charged ones). In these conditions,
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this event, which occurs prior to the formation of aggregates, may
interfere with the results concerning the interaction liposome-Af.
We have not observed an appreciable aggregation in the course of
permeability studies, as evidenced by measurements by dynamic
light scattering.

AP is able to form many different self-assembled structures on
(or off) the pathway to amyloid fibril formation. It is still unclear
which of these structures interact with membranes and whether
this interaction may cause disruption of the bilayer. In this way,
whereas the mature fibrils of AB40 have a weak effect in the lipo-
some aggregation, soluble species promote a drastic liposome
aggregation. Lin et al. showed by AFM that membrane pore
formation could be considered a direct consequence of the inter-
action of A soluble species with membranes [36]. To measure the
ability of AP40 to permeabilize bilayer membranes, liposomes

encapsulating a self-quenching fluorescent dye (calcein, CL) at high
concentration were prepared. The leakage of CL is consequence of
the destabilization of liposomes. In absence of peptides (or other
membrane-disturbing agents), the instability of liposomes is due
mainly to aggregation and fusion processes. Aggregation, always
previous to the fusion and linked to Van der Waals interactions, is
a natural and unavoidable phenomenon in neutral liposomes. The
simplest way to overcome this effect is to introduce charge in the
liposomal composition, which makes electrostatic repulsion
become the driving force that keeps the suspension stable [51]. In
consequence, the slower release of CL from charged liposomes, as
compared to neutral liposomes, finds a more likely explanation in
intrinsic destabilization of liposomes due to aggregation and fusion
processes. Here, soluble AB40 was prepared in Tris—HCl buffer
(10 mM, pH 7.4) at a final concentration of 20 uM and then added to

Fig. 4. Transmission electron micrographs of AB40 fibrils in absence (a) and presence of of PC:PS 100:0 (b), PC:PS 75:25 (c) and PC:PS 50:50 (d) Liposomes. (Scale bar: 100 nm).
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CL-containing liposomes (lipid concentration 10 mM). The change
in CL fluorescence was recorded over a period of 6 h. After this time
point, the efflux of CL was extremely slow, which was made clear by
a fluorescence plateau. The fluorescence obtained after addition of
Triton X-100 was taken as 100% of liposome leakage. As can be seen
in Fig. 5, whereas 50% of CL is released in 120 min from neutral
liposomes, a two-fold delay in CL release was observed for nega-
tively charged ones. The addition of AB to liposomes caused an
immediate increase in the rate of CL efflux, compared with the slow
release from liposomes without peptide. Thus, the presence of
AB40 promoted changes in the membrane structure of liposomes,
possibly by bringing the vesicles into close proximity with each
other and thereby allowing them to fuse more rapidly or by causing
defects within the membrane that allow CL leakage. The presence
of AB40 peptide reduced 2.5-fold the time at which 50% of CL was
released from negatively charged liposomes (from 205 to 85 min),
whereas the effect was more moderate for neutral liposomes, with
a 1.5-fold reduction (from 120 to 85 min). Together with the kinetic
aggregation data, this suggests a preferential interaction of AB40
with negatively charged membranes.

4. Discussion

AB40 peptides are amphiphilic and highly surface-active, and, in
consequence, they adsorb unspecifically at the air/water interface
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Fig. 5. Calcein fluorescence emission showing the effect of AB40 on liposomes with
time. The value of fluorescence at 300 min was considered as 100% of the calcein
released. (a) Neutral liposomes; (b) Liposomes with 25% negative charge. (—O—
liposomes alone), (— @ — liposomes with AB40).

and penetrate into uncompressed monolayers formed by zwitter-
ionic and anionic phospholipids [52], and the same behaviour can
be expected in their interaction with liposomes. We have demon-
strated that the presence of liposomes slows down AB40 aggrega-
tion. This delay depends on the amount of negative charge present
in the membranes. At first glance, this seems somewhat surprising,
since the estimated net charge of Af at pH 7.4 is —2.8. Hence, the
ApB-bilayer interaction is moderately attractive (charge—dipole) for
neutral liposomes and repulsive (charge—charge) for negative
liposomes (PS has a net charge of —1). Despite this repulsion, the
insertion of AP into monolayers of negative phospholipids in fluid
phase has been described [53]. This suggests that the electrostatic
repulsion between AP peptide and the negatively charged lipo-
somes is overcome by other highly favourable interactions, e.g.,
between the hydrophobic tail of Ap peptide and the interior of the
membrane. That is, both the electrostatic and hydrophobic forces
play important roles in the organization of AB-membrane
complexes.

The interaction of AP peptide with membranes represents
a critical step in fibrillogenesis and membrane disruption
[27,54,55]. Such interaction might result from two different
scenarios [11]: first, an electrostatic adsorption to membrane
surfaces. The adsorption is facilitated by the presence of a negative
surface potential in the membrane. In this way, an increase in acidic
lipids would promote a significant increase in the proportion of
surface-associated peptide; second, an insertion of Ap peptide into
membranes. In neutral bilayers only a short part of the hydrophobic
segment would be inserted, since the hydrophilic part is stabilized
in the bulk solution. Increasing the surface potential induces elec-
trostatic anchoring of charged residues close to the surface thereby
facilitating an increased insertion of the hydrophobic segment into
the membrane core. As proposed by Bokvist et al. [11], the affinity of
the peptide to negative charged bilayers arises from electrostatic
coupling of the positively charged residue Lys28 with the nega-
tively charged lipid phosphate group. The effect of each type of
interaction on fibrillogenesis is different: The surface association
(adsorption) causes an acceleration of the fibrillation, whereas the
insertion produces a retard of the aggregation. Hence, the lag time
increases observed in our study will be mainly due to the insertion
of AP peptide in the bilayer (in neutral and negative liposomes)
without excluding the possibility that an amount of the peptide is
associated with the negatively charged membrane (Fig. 6). Apart
from modifying the kinetics of the aggregation reaction, the pres-
ence of AP peptide in the trans-membrane region of the membrane
can induce ion-channel formation and membrane disruption
[36,56,57].

As indicated above, the presence of liposomes delays Ap40
aggregation in a charge-dependent manner. Negative charge of the
membrane should provoke an increase in AB40 association to
membranes, since the highest increase of the lag time occurs when
AP40 interacts with PC:PS 50:50 liposomes. The increase of the lag
time in a lipid concentration-dependent manner was also previ-
ously observed in presence of neutral liposomes [19], which
suggests that, the amount of available soluble AB peptide is
a determinant factor in its amyloid nucleation. Hellstrand et al.
described that the aggregation lag time increased in presence of
neutral lipid vesicles, but, contrarily to our findings, no significant
difference was detected when increasing amount of negative
charge was incorporated into the membrane [15]. Among other
aspects, the lower peptide concentration used in this study
(380 nM—12 uM) might account for the observed differences. In
fact, Hellstrand and co-workers do not exclude the possibility that
lipid membranes have accelerating effects at different peptide
and lipid concentrations, or in the presence of other solution
components.
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Fig. 6. Schematic model for the interaction of AB40 with liposomes. Top: neutral
liposomes (the peptide is anchored in the membrane). Bottom: Negatively charged
liposomes (the peptide is anchored in the membrane but it is also adsorbed by elec-
trostatic forces on the external monolayer of the liposome).

The next point that we must to clarify is which kind of amyloid
species is inserted in the bilayer. Although different amyloid
species, like oligomers, may contribute to amyloid toxicity and
could be related to membrane poration and disruption [58] several
studies point to tetramers and hexamers bound to membrane as
the main responsibles of membrane poration and subsequent
disruption [36]. As showed in Table 1, while kj, is clearly affected by
liposomes and their net charge, ke is practically unaltered by the
presence of liposomes. This suggests that the mechanism behind
the observed increase in lag time must originate from interferences
taking place during the build up of small oligomers from mono-
mers. This implies that are the soluble AB40, and not the mature
fibrils, the species that interact with membranes. Also, the
permeability studies (Fig. 5) allow us to affirm that the first
membrane disruption events occur before amyloid aggregation can
be observed, suggesting that membrane disruption could be due to
the binding of initially soluble AB40 species, without a requirement
for the formation of structured species. Determination of CL release
shows a clear acceleration of membrane disruption in presence of
charged liposomes, in which a higher concentration of Ap peptide is
expected to be fixed to the membrane.

The association of soluble AP peptide to the bilayer is also
modulated by the colloidal characteristics of the peptide, which
forms micelles at concentrations above 17.5 pM (the corresponding
critical micellar concentration (cmc)) [59—61]. Such micelles can
act as a reservoir of soluble material available for subsequent
fibrillogenesis. It should be noted that, at peptide concentrations
above the cmc, the lag time of the reaction remains essentially
constant, but at peptide concentrations below 17.5 puM, the lag time
correlates with the peptide concentration. The association
(adsorption and/or insertion) of the AB40 to membranes may to
reduce the effective concentration of soluble AB40 peptide in the
solution, and, in such circumstances, the peptide concentration
might become below the cmc, with a concomitant reduction in the
nucleation rate of the reaction.

Other important finding derived from our study is the obser-
vation that the interaction of the peptide with liposomes results in
an increase in the B-sheet content of the peptide. It is known from
CD measurements that AP peptide has mainly random-coil
secondary structure in solution, while it adopts B-sheet confor-
mation oriented almost parallel to the monolayer surface in the
adsorbed state [22,23]. The increase in f-sheet conformation in the
presence of liposomes could be caused either by the adsorption of
peptide on the external monolayer of liposomes, in which well-
formed fibrils could grow, or by the nucleation delay that favours
better peptide accommodation and well-formed amyloid fibrils.
Factors that delay the nucleation process tend to increase the levels
of B-sheet in unrelated amyloidogenic polypeptide systems. For
instance, the influence of temperature on the nucleation rates
correlates well with changes in the morphology of the fibrils
formed by barstar, insulin, a-synuclein and HET-s (218—289)
[62—65]. Also, for the PI3-SH3 domain, pH values promoting fast
aggregation reactions were shown to cause disorganized fibrillar
structures, whereas pH values allowing slow polymerization led to
well-ordered fibrils [66]. The interaction of the B-peptide with
neutral liposomes illustrate how the increase in the lag time results
in amyloid species displaying higher inter-molecular B-sheets,
whereas with negatively charged liposomes both scenarios
(adsorption on the liposome and delay in the fibrillation rate) might
contribute to increase in B-sheet conformation with negatively
charged with.

Dye-binding assays have shown that the presence of liposomes
reduces the concentration of fibrils. This is in agreement with an
insertion of AB40 peptides into the membrane, since it would result
in a reduction in the amount of soluble AB40 available to form
amyloid fibrils. Interestingly enough, a direct relationship between
the amount of amyloid-like aggregates and the negative charge
increment can be observed. This is likely due to the fact that in
neutral liposomes most of the membrane-associated peptide is
hidden inside the liposome core and therefore not available for
amyloid formation, whereas in negative liposomes, the peptide
associated to the membrane is prone to undergo a conversion into
amyloid structures. Since fibril concentration can be directly related
to the amount of available soluble peptide [60], more amyloid fibril
mass is expected when the aggregation is carried out without
liposomes, a condition in which all soluble species are available for
taking part in the polymerization reaction. As observed by TEM, the
peptide—phospholipid interaction leads to a dramatic alteration in
size and shape of fibrils. Long amyloid fibrils are observed in
absence or presence of neutral liposomes. A reduction in fibril size
is observed in presence of negatively charged liposomes. As noted
above, in absence and in presence of neutral liposomes only the
soluble species present in the bulk solution participate in amyloid
polymerization, whereas extended peptides fixed in the liposome
surface participate in the elongation process in presence of charged
liposomes. Our data demonstrates that the way AB40 interacts with
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membranes critically influences its morphological properties,
which may have important functional consequences.

5. Conclusions

AP40 polymerization is delayed by the presence of liposomes in
a charge-dependent manner. Interestingly, while the nucleation
process is dramatically altered by the interaction with liposomes,
the elongation step remains practically unaltered. This suggests
that the interaction between AB40 and liposome surface occurs at
the initial stage of the reaction, probably promoting the incorpo-
ration of soluble AB40 species into the liposomal membrane. The
peptide—phospholipid interaction entailing a reduction in the
available soluble AB40 in the bulk might be considered as the main
factor accounting for reduction in nucleation rates.

The peptide—membrane interaction modulates the amyloid
fibril morphology, structure and concentration, as well as
membrane integrity. On the one hand, as observed in CLrelease, the
accumulation of AB40 peptide on the bilayer favours membrane
disruption. The disruption effect is clearly more prominent in the
presence of negatively charged membranes, since the AB-liposome
interaction is favoured by the presence of negative phospholipids in
the bilayer. On the other hand, the secondary structure and size of
the formed amyloid fibrils depend on the amount of anchored and/
or surface-associated peptide to bilayer. The final concentration of
amyloid-like species is directly related to the concentration of free
AP peptide, whereas the increment in f-sheet structure is linked to
reduction in nucleation rates and, the fibrils size seems to be con-
nected to the concentration of surface-associated AP peptide.
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Abstract Protein aggregation is related to many human disor-
ders and constitutes a major bottleneck in protein production.
However, little is known about the conformational properties
of in vivo formed aggregates and how they relate to the specific
polypeptides embedded in them. Here, we show that the Kinetic
and thermodynamic stability of the inclusion bodies formed by
the AB42 Alzheimer peptide and its Asp19 alloform differ signif-
icantly and correlate with their amyloidogenic propensity and
solubility inside the cell. Our results indicate that the nature of
the polypeptide chain determines the specific conformational
properties of intracellular aggregates. This implies that different
protein inclusions impose dissimilar challenges to the cellular
quality-control machinery.

© 2008 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.

Keywords: Inclusion body; Protein aggregation; Protein
folding; Protein stability; Recombinant protein expression

1. Introduction

Aggregation of misfolded proteins that escape the cellular
quality-control mechanisms is a common feature during re-
combinant protein production. Importantly, this process is
also linked to the onset of a wide range of debilitating and
increasingly prevalent diseases as Alzheimer, Parkinson,
Huntington or prion diseases [1]. In this way, the deposition
of B-amyloid peptide (AB), a hydrophobic 40-43 amino acid
peptide, appears as a major causative agent of Alzheimer’s
disease [2,3].

Not all regions of a polypeptide are equally important for
determining its aggregation tendency [4]. In this way, very
short specific amino acid stretches can act as facilitators or
inhibitors of amyloid fibril formation [5,6]. The presence of
aggregation-prone regions has been described in most of the
peptides and proteins underlying neurodegenerative and sys-
temic amyloidogenic disorders [7]. In AP peptide, the central
hydrophobic core (CHC) (Leul7-Ala21) plays a crucial role
in its folding, assembly and amyloid fibril structure [8].
Accordingly, we have shown that substitution of central resi-
due in this region (Phel9) by Asp strongly reduces the
in vitro amyloid propensity of A [9].

*Corresponding author. Fax: +34 93 5811264
E-mail address: salvador.ventura@uab.es (S. Ventura).

"These authors have contributed equally to this work.

Intracellular aggregates and specifically the inclusion bodies
(IBs) formed inside bacterial cells during the expression of
eukaryotic proteins have been traditionally regarded as non-
specific associations of misfolded polypeptides. In contrast to
amyloid fibrils, the extended view of IBs as amorphous supra-
molecular structures has precluded the detailed characteriza-
tion of their conformational properties and how they relate
to the specific proteins inside them. Nevertheless, it has been
demonstrated that the intracellular aggregates formed by
different proteins share significant internal order and second-
ary structure content [10,11]. Moreover, using a fusion of the
amyloidogenic AP42 species to green fluorescent protein
(GFP) as a model system we have recently shown that
in vivo protein aggregation inside bacteria displays a remark-
able specificity that depends on the establishment of selective
molecular interactions and results in the formation of oligo-
meric and fibrillar structures with conformational properties
very similar to those of amyloid fibrils [12]. Being stabilized
by rather selective contacts, it is likely that, as it happens in
globular proteins or amyloid fibrils, the IBs formed by different
proteins should display specific stability features. To address
this question, here we characterize the thermodynamic and,
for the first time, the kinetic stability of intracellular bacterial
aggregates. The properties of the IBs formed by AB42-GFP
(WT) and by a variant of the fusion containing a single
Phel19Asp mutation in the AB42 moiety (F19D) are compared.

2. Materials and methods

2.1. Protein expression

The plasmids encoding for AB42-GFP and the Phel9Asp mutant are
as previously described [13,14]. Competent Escherichia coli BL21(D3)
cells were transformed with plasmids encoding for the desired fusion
proteins and incubated in Luria—Bertani medium (LB) with the appro-
priate antibiotic (50 pg/ml kanamycin) at 37 °C. Recombinant gene
expression was induced with 1 mM of isopropyl-1-thio-b-d-galactopy-
ranoside (IPTG) when the Agponm reached 0.6. Cells were cultured at
37 °C for 16 additional hours.

2.2. IBs purification

IBs are purified from overnight cell extracts after the induction of
gene expression, by detergent-based procedures as described [15].
Briefly, cells were harvested by centrifugation at 12000 x g (at 4 °C)
for 15 min and resuspended in 200 puL of lysis buffer (50 mM Tris—
HCI, pH 8, 1 mM EDTA, 100 mM NaCl), plus 30 pL of 100 mM pro-
tease inhibitor PMSF and 6 pL of 10 mg/mL lysozyme. After 30 min of
incubation at 37 °C under gentle agitation, NP-40 was added at 1% (v/
v) and the mixture incubated at 4 °C for 30 min. Then, 3 pL of DNase
I and RNase from 1 mg/mL stock (25 pg/mL final concentration) and
3 uL of I M MgSO, were added and the resulting mixture was further
incubated at 37 °C for 30 min. Protein aggregates were separated by
centrifugation at 12000 x g for 15min at 4 °C. Finally, IBs were
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washed once with the same buffer containing 0.5% Triton X-100 and
once with sterile PBS. After a final centrifugation at 12000 x g for
15 min, pellets were stored at —80 °C until analysis.

2.3. Thermodynamic and kinetic stabilities

For stability assays, purified IBs were prepared at OD3s0pm = | in
phosphate-buffered saline (PBS) solution at pH 7.0 containing selected
concentrations of guanidine hydrochloride (Gdn - HCI) ranging from 0
to 4 M. For equilibrium denaturation experiments, the reactions were
allowed to reach equilibrium by incubating them for 20 h at room
temperature. The fraction of solubilized protein (fp) was calculated
from the fitted values using equation: fp =1 — ((yp — ¥)/(yp — YN))»
where yp and yn are the absorbance at 350 nm of the solubilized
and aggregated protein, respectively, and y is the absorbance of protein
as a function of denaturant concentration. A non-linear least-squares
analysis was used to fit the denaturation curves to the equation:
¥ = (O~ + mn [D]) + (yp + mp - [DDexp(4 - ([D] — mip)/R- D)1 +
exp(4 - ([D] — mp)/R- T)), where y is the observed absorbance at
350 nm, yN and yp are the intercepts and my and mp are the slopes
of the pre- and post-transition baselines, [D] is the guanidine hydro-
chloride (Gdn - HCI) concentration, my, is the Gdn - HCI concentra-
tion at the midpoint of the curve, and A is a constant generated by
the fitting [16-18]. For kinetic measurements a concentrated IBs and
Gdn - HCI solutions in PBS, pH 7.0, were mixed rapidly to obtain
an ODs350,m = 1 and the desired denaturant concentration. The solubi-
lization reaction was monitored for 100 min after mixing by measuring
the changes in ODjsony in a Cary-400 Varian spectrophotometer
(Varian Inc.). Double-exponential decay curves were fitted to the data
using GraphPad Prism 3.02 (GraphPad Software, La Jolla, CA, USA)
and apparent rate constants were derived from these regressions.

2.4. Western blots

For Western blot, the protein cellular extract was lysed using Nova-
gen Bug Buster protein extraction reagent with benzonase nuclease and
protease inhibitory cocktail set III (Calbiochem). Insoluble and soluble
fractions were resolved on 15% SDS-PAGE gels, transferred on to
PVDF membranes, and recombinant proteins detected with a poly-
clonal anti-GFP antibody. The membranes were developed with the
ECL method [19].

2.5. GFP relative fluorescence determination and Thermal denaturation

Emission spectra of GFP in WT and F19D IBs were measured on a
Varian spectrofluorimeter (Cary Eclipse) from 500 to 600 nm at 25 °C
using an excitation wavelength of 488 nm. A slit width of 5nm was
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Fig. 1. Stability of WT and FI9D IBs in front of Gnd-HCI
denaturation at equilibrium monitored by changes in turbidity at
350 nm.

Table 1
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used and the maximum of emission, at 512 nm, was recorded. Thermal
transition curves were obtained at a heating rate of 1 °C/min by mea-
suring the GFP emission at 512 nm after excitation at 488 nm.

2.6. Secondary structure determination

Protein inclusion bodies purified as described above were washed
twice with distilled water, 10 pl of suspension were deposited on the
spectrometer window and dried at room temperature for 10 min for
spectroscopy measurements. The purity of IBs was routinely checked
by SDS-PAGE and Coomassie staining. ATR FT-IR spectroscopy
analysis samples of IBs were performed using a Bruker Tensor 27
FT-IR Spectrometer (Bruker Optics Inc.) with a Golden Gate MKII
ATR accessory. Each spectrum consists of 125 independent scans,
measured at a spectral resolution of 2cm~! within the 1800—
1500 cm ™! range. All spectral data were acquired and normalized using
the OPUS MIR Tensor 27 software. The fourth derivative FTIR spec-
tra of IBs indicate that they were constituted by four principal bands.
Hence, FTIR spectra were fitted to four overlapping Gaussian curves
and the amplitude, center and bandwidth at half of the maximum
amplitude and area of each Gaussian function were calculated using
a non-linear peak fitting program (PeakFit package, Systat Software,
San Jose, CA, USA). Second derivatives of the spectra were also used
to determine the frequencies at which the different spectral components
were located.

3. Results and discussion

For globular proteins, the study of their unfolding transition
induced by denaturants is one of the most useful ways to
address their stability. In the present work, we have used this
approach to study the unfolding (i.e. solubilization) of IBs.
Equilibrium denaturation was measured by monitoring the
IBs absorbance at 350 nm after incubation at selected
Gdn - HCI concentrations. This chaotropic agent has been
used recently to study the resistance to solubilization of the
IBs and thermal aggregates formed by different proteins
[20,21]. We assumed a two-state mechanism in which the pro-
tein is either in an aggregated state that contributes to turbidity
or in a soluble state with no contribution to the signal, inde-
pendently of the conformational properties of the polypeptides
in these states. Although this assumption represents a simplifi-
cation of the effect of the chaotropic agent on the aggregates,
the curves could be fitted accurately to a two states model.
Accordingly, a cooperative unfolding transition could be ob-
served for both IBs (Fig. 1). The free energy of the reaction
(AG) was calculated and found to vary linearly with Gdn-HCl
concentration using the linear extrapolation model:

AG = AG(H,0) — m(Gdn - HCI)

where m measures the cooperativity of the transition and
AG(H,0) is the free energy change in the absence of denatur-
ant [16,18]. From the data it can be clearly inferred that the
aggregates formed by these two closely related proteins exhibit
dramatic differences in the thermodynamic stability. WT IBs
displayed a much higher stability against chemical denatur-
ation as well as a higher unfolding cooperativity reaction than

Kinetic and equilibrium denaturation parameters of AB42-GFP and F19D-GFP inclusion bodies.

Protein type Thermodynamic Kinetic parameters

parameters

AG/kJ mol ™! miM™! Ky/10° min~! AGy/kJ mol™! myl/kI mol ™! M™! typ/days k}/lO3 min~!
WT —16.74 2.0 0.19 —21.28 2.08 3.7 159.59
F19D -5.11 1.0 0.79 —17.70 1.67 0.9 6.20
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F19D ones (Table. 1). In globular proteins, the unfolding
cooperativity, expressed as m value, correlates very strongly
with the amount of new protein surface exposed to solvent
upon unfolding. By analogy, the higher m value of WT IBs
suggests that the polypeptide chains inside these aggregates
are more protected from the solvent before denaturation,
and therefore more compacted than those in the mutant IBs.

The kinetic stability of an aggregate is a measure of how rap-
idly it is unfolded (i.e. solubilized) and corresponds to the acti-
vation free energy (AGy) of the process. The kinetic stability,
rather than equilibrium stability, is likely to be relevant for
the in vivo fate of protein aggregates, since it is related to their
half-lives and probably to the energetic barrier that chaperones
have to face to disaggregate them. Surprisingly, no data on the
kinetic stability properties of in vivo aggregates are available
to date.

Kinetic chemical denaturation of IBs at different denaturant
concentration (Fig. 2) has been analyzed using a classical two-
phase exponential decay curve and the kinetic constants (k;
and k;) have been determined [22].

Fitting of the kinetic data traces (Fig. 3) to a two-states tran-
sition allowed the determination of the denaturation rates
(ku), the kinetic stability (AGy), as well as the estimated
half-life (#,,») and the kinetic m-values for the unfolding reac-
tion (my) for both aggregates (Table 1).

Intracellular aggregates turned to have large activation free
energies to unfolding. When compared with globular proteins,
usually with 7;, between seconds and hours, the solubilization
of IBs is a slow process with 7, in the order of days. These
high barriers to disaggregation account for their prevalent
accumulation inside the cells.

In agreement with the equilibrium data, the kinetic barrier to
unfolding and the cooperativity of the reaction were signifi-
cantly lower for the mutant IBs. As a consequence, their solu-
bilization reaction is strongly accelerated, resulting in a 4-fold
shorter half-life than WT IBs. This suggests that, in the cell,
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Fig. 2. Kinetic chemical denaturation curves of WT and F19D IBs at
different Gdn - HCI concentration monitored by a time dependent
decrease of turbidity at 350 nm.
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Fig. 3. Unfolding kinetic rates of WT and F19D IBs determined by
linear extrapolation of the fast rate constants of their respective kinetic
denaturation curves at different Gdn - HCI concentrations.

the proteins embedded in F19D IBs can be more easily solubi-
lized, either passively or by the disaggregating action of molec-
ular chaperones, than those in WT aggregates. Confirming this
hypothesis, although the majority of both protein fusions is lo-
cated in the insoluble fraction, a higher level of soluble protein
was detected in cells expressing the F19D fusion than in those
expressing the WT form, 1.2% and 0.3% of total recombinant
protein, respectively, as quantified by Western blotting against
the GFP moiety and densitometry (Fig. 4A).

Although the kinetics of IBs formation (i.e. aggregation)
cannot be experimentally addressed in vitro, they can be theo-
retically inferred from the unfolding thermodynamic and ki-
netic stabilities of the aggregates, assuming a two-state
model (AG = —RT In(k:/ky)). The theoretical aggregation ki-
netic constant (ki) for WT fusion is about 25-fold higher than
in the F19D one. These values are clearly an approximation to
the real constants, but they still suggest a significantly de-
creased aggregation propensity in the mutant fusion, in good
agreement with the in vivo aggregation rates and the amyloi-
dogenicity of both AB42 peptide variants [9].

We have shown previously, that during IBs formation,
aggregation and folding reactions compete inside the cell in
such a way that the fluorescence emission of IBs relates to
the time the GFP fusion was soluble after its synthesis and be-
fore to its aggregation in the cytoplasm [23]. The mutant IBs
express about 5-fold higher fluorescence than the WT ones
(Fig. 4B). This indicates that F19D aggregation into IBs is a
slower in vivo reaction than this of the WT form and supports
the significance of the theoretically derived aggregation kinetic
constants.

The stability of functional GFP domains inside both IBs
contexts was measured by monitoring the loss of the fluores-
cence signal upon thermal denaturation. A melting point of
~85 °C was obtained for both fusions (Fig. 4C). These results
are in agreement with those obtained using differential scan-
ning calorimetry on purified and soluble GFP [24] and suggest
a native structure in the GFP moiety that contributes little to
the observed differential stability of the aggregates. Therefore,
it is suggested that the different contacts established by the two
AP42 peptides, and specifically those in the CHC region, ac-
count for the striking difference in consistence of both IBs.

Fourier-transform infrared (FTIR) spectroscopy has proved
to be a powerful tool for investigation of the structural
characteristics of aggregated proteins. We used this technique
to further analyze the structure of both types of aggregates.
The deconvoluted FTIR spectra as well as the second
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fraction (down). (B) GFP fluorescence emission spectra of IBs excited
at 488 nm. (C) Thermal denaturalization curves of GFP embedded in
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derivative of the absorbance spectra are shown in Fig. 5. The
F19D and WT IBs spectra are very similar, the amide I region
contains four main components at 1692, 1679, at 1650, and at
1625 cm ™! indicating a dominance of beta conformations to-
gether with unordered components. In fact, the bands at
1692, 1679 and 1625 cm™! correspond to an intermolecular
B-structure similar to that present in amyloid fibrils (Fig. 5).
This data indicates an overall common backbone polypeptide
conformation in both aggregates and suggests that the stability
of IBs is modulated by subtle changes in packing driven by
specific side-chain interactions.
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components after Fourier self-deconvolution closely matches the
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4. Conclusions

Overall, our results argue that the intracellular aggregates
formed by different polypeptides in vivo cannot be treated as
a homogeneous entity, even if they all present a common mor-
phology and amyloid-like secondary structure content. Like in
amyloid fibrils or in globular proteins, the fine structure of
these aggregates depends on the specific intrinsic properties
of the embedded polypeptides, as demonstrated by the fact
that a point mutation is able to highly destabilize the whole
aggregate ensemble. Importantly, a major energy consuming
step for in vivo disaggregation by the action of molecular
chaperones consists in the separation of individual polypeptide
chains from aggregates and their unfolding. A recent study
using in vitro protein aggregates formed under different
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protein denaturation conditions suggest that the action of
chaperones depend on the specific structural properties of
the aggregates [25]. Our demonstration that in in vivo formed
protein inclusions polypeptide chains are glued by differential
and specific interactions suggests that the aggregates of differ-
ent proteins impose dissimilar challenges to the cellular qual-
ity-control machinery. Our data have important implications
for conformational diseases, because they suggest that single
point genetic mutations cannot only increase the aggregation
propensity of a protein, but at the same time they might result
in the formation of significantly more resistant and difficult to
handle intracellular aggregates. In addition, the correlation be-
tween amyloid propensity and IBs stability observed here for
the Alzheimer related AB42 peptide validates bacterial systems
as fast, simple and biologically relevant experimental models
to study protein aggregation.
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Abstract

The formation of amyloid aggregates is related to the onset of a number of human diseases. Recent
studies provide compelling evidence for the existence of related fibrillar structures in bacterial
inclusion bodies (IBs). Bacteria might thus provide a biologically relevant and tuneable system to
study amyloid aggregation and how to interfere with it. Particularly suited for such studies are
protein models for which structural information is available in both IBs and amyloid states. The only
high-resolution structure of an infectious amyloid state reported to date is that of the HET-s prion
forming domain (PFD). Importantly, recent solid-state NMR data indicates that the structure of
HET-s PFD in IBs closely resembles that of the infectious fibrils. Here we present an exhaustive
conformational characterization of HET-s IBs in order to establish the aggregation of this prion in
bacteria as a consistent cellular model in which the effect of autologous or heterologous protein
quality machineries and/or anti-aggregational and anti-prionic drugs can be further studied.

Background

Protein misfolding and aggregation have become very
active areas of research during the last decade. The large
efforts devoted in this period to understand the determi-
nants of polypeptide aggregation are justified by the tight
connection between the formation of insoluble protein
deposits in human tissues and the development of dozens
of conformational diseases. These protein deposits are
constituted mainly by fibrillar structures known as amy-
loids with a common cross-f supramolecular organisa-
tion [1]. Protein aggregation is also an important problem
in biotechnology because during recombinant expression
in prokaryotic systems many heterologous proteins mis-
fold and accumulate as insoluble protein deposits named

inclusion bodies (IBs) limiting in this way the use of bac-
teria for the production of therapeutically relevant pro-
teins [2].

IBs formation has long been regarded as an unspecific
process relaying on the establishment of hydrophobic
contacts [3]. However, an increasing body of evidence
suggests that bacterial IBs share a number of common fea-
tures with the highly ordered and pathogenic amyloid
fibrils linked to human diseases [4]. Both processes have
been shown to be nucleation driven, sequence specific
and lead to the formation of B-sheet enriched structures.
However, the detailed structural characterisation of bacte-
rial aggregates is extremely challenging and to which
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extend a polypeptide embedded in IBs and the same mol-
ecule polymerized into amyloids are structurally related
has remained essentially unknown.

Prions represent a particular subclass of amyloids for
which the aggregation process becomes self-perpetuating
in vivo and thus infectious [5]. Fungal prions are infectious
filamentous polymers of proteins. Among these prions are
the [PSI*], [URE3] and [PIN*] yeast prions [6,7] and HET-
s that is a prion of the filamentous fungus Podospora anse-
rina involved in a fungal specific non-self discrimination
phenomenon [8]. HET-s is a 289 residues polypeptide.
Residues 1-227 form a well-folded globular domain in the
soluble HET-s conformation. In contrast the C-terminal
region is highly flexible and unstructured. Previous stud-
ies have identified the C-terminal region of HET-s span-
ning residues 218 to 289 as the prion forming domain
(PFD) responsible for amyloid formation and prion prop-
agation [9,10]. In vivo, this PFD forms dot like aggregates,
whereas a longer version in which the globular domain
has been truncated, comprising residues 157-289, forms
elongated fibrillar aggregates, suggesting that the ability to
adopt this supramolecular organization is conferred in
vivo by the sequences appended to the amyloid core PFD
region [11]. The structure of the infectious amyloid fold of
HET-s PFD have been solved recently by solid state NMR
and represents the only atomic-resolution structure of an
infectious fibrillar conformation reported to date [12].
Under close to physiological conditions, the protein
adopts a B-solenoid structure with two layers of B-strand
per monomer and a characteristic triangular hydrophobic
core (Figure 1) [12]. These in vitro assembled fibrils are
infectious [13,14]. This prion character is strictly associ-
ated to the fibril structure obtained at neutral pH since the
highly ordered, but conformationally different, HET-s
PFD fibrils formed at acidic pH are not infectious [14,15].
HET-s PFD accumulates as IBs when it is over-expressed in
E. coli. Recently, Wasmer and co-workers, used H/D
exchange and solid-state NMR to characterize the HET-s
PFD conformation in IBs, demonstrating that it very
closely resembles to that in the fibrils, explaining why
HET-s PFD IBs are infectious [16]. These results strongly
suggest that bacterial cells expressing the infectious form
of this eukaryotic prion could provide a simple and pow-
erful system to study how the autologous or heterologous
protein quality machinery modulates the in vivo assembly,
toxicity and infectivity of amyloids. In addition, this cellu-
lar model could be a convenient platform for the screen-
ing of generic anti-amyloid or specific anti-prion
compounds. Towards these aims we present here an
exhaustive biophysical and physicochemical characteriza-
tion of the IBs formed by the different amyloidogenic
forms of HET-s in order to establish which are the confor-
mational signatures of these aggregates in a standard cel-
lular background and culture conditions.

http://www.microbialcellfactories.com/content/8/1/56

Figure |

Three-dimensional structure of the infectious HET-s
PFD fibrils. Ribbon representation the five central mole-
cules corresponding to the lowest energy structure of the
HET-s PFD heptamer as calculated from NMR restraints
(PDB ID: 2RNM).

Results and Discussion

HET-s PFD assembles into a -sheet enriched structure in
bacterial IBs

The aggregation of soluble proteins into amyloid fibrils
invariably results in an increase in their B-sheet content
[1]. In this way, the soluble and unstructured HET-s PFD
undergoes a transition towards a B-sheet enriched confor-
mation upon in vitro fibrillation [14,17]. The far-Uv CD
spectrum of HET-s mature fibrils displays a negative band
at ~217 nm characteristic of B-sheet structures [14,17]. In
the CD spectrum of HET-s PFD IBs the band is shifted 6
nm and centred at 223 nm (Figure 2A). This shift in the -
sheet signal in the far-UV CD spectra of aggregated amy-
loid proteins has been shown to be related to differences
in the macroscopic morphology of the fibrils and thought
to arise from the superposition of the aromatic CD band
on the classical B-sheet CD spectrum as a result of changes
in the stacking of the polypeptide aromatic side-chains in
the fibrils [18]. FTIR spectroscopy allows more accurate
assignment of the secondary structure elements in protein
aggregates than CD. The FTIR spectrum of the infectious
fibrillar form of HET-s PFD is dominated in the amide I
region by a peak at ~1629 cm-1. This signal was associated
to the presence of a cross-f-sheet structure in the fibrils
[14]. The spectrum of HET-s PFD IBs closely resembles
that of the fibrils (Figure 2B and 2C), with a main band at
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Secondary structure of HET-s PFD IBs. (A) Circular
dichroism spectra, and (B and C) FTIR absorbance and sec-
ond derivative spectra in the amide | region of the spectra
showing the characteristic spectral bands of 3-sheet confor-
mations.

~1628 cm-! confirming thus the predominance of a -
sheet architecture in these intracellular aggregates.

Amyloid properties of HET-s IBs

We used the amyloid specific dye Congo Red (CR) to ver-
ify that the detected 1Bs B-sheet structures display typical
amyloid properties. The absorbance of CR increases and
the spectrum maximum red-shifts to ~508 nm in the pres-
ence of HET-s PFD IBs (Figure 3A). This spectral change is

http://www.microbialcellfactories.com/content/8/1/56

identical to that observed in the presence of the infectious
fibrils formed by the prion domain [14]. In addition, the
difference spectrum between the dye in the presence and
absence of IBs allows detecting the characteristic amyloid
band at ~540 nm (Figure 3B). HET-s amyloid fibrils [19]
exhibit CR birefringence, which is accepted to be one of
the most stringent diagnostics for amyloid conformation
[1]. As shown in Figure 3C and 3D, HETs PFD IBs also
show a strong green-gold birefringence upon incubation
with CR and illumination under cross-polarized light.

The structural properties of the bacterial IBs formed by the
full-length HET-s prion and HET-s (157-289) have not
been explored previously. However, it was shown that
they display a common proteinase K (PK) resistant core
which likely corresponds to the PFD region [16]. There-
fore, one might expect that the IBs formed by these two
proteins would also display amyloid features. In agree-
ment with this hypothesis, both types of IBs bind CR (Fig-
ure 3A and 3B). Interestingly, the change in the CR signal
correlates with the proportion of amyloidogenic versus
non-amyloidogenic regions in the polypeptides. In this
way, the CR signal in the presence of PFD IBs is three fold
that of the dye in the presence of the full-length prion IBs.
The IB-stretch hypothesis postulates that not necessarily
all the polypeptide chain is involved in the network of
contacts that sustain the B-core of an IB but rather that
specific contacts between certain aggregation-prone
regions keep the aggregate in a compact state [20]. For
HET-s, the data suggest that the PFD is responsible for
maintaining the detected IBs B-sheet architecture, as likely
happens in the aggregates formed by the prion in its phys-
iological environment.

A striking characteristic of HET-s PFD infectious fibrils is
that, in contrast to most amyloid structures, they do not
induce Thioflavin-T (Th-T) fluorescence [14], a dye widely
used for amyloid diagnostic. Interestingly, in contrast
with the IBs formed by other amyloidogenic peptides like
the AP peptide [21], none of the three assayed HET-s IBs
specifically induces Th-T fluorescence (data not shown).
Overall, HET-s IBs display affinities for amyloid dyes that
closely resemble that of the protein in its infectious fibril-
lar form.

The fibrillar core of HET-s IBs

Proteinase K is a protease usually used to map the pro-
tected core of amyloid fibrils because in spite of being
highly active against peptidic bonds it cannot attack the
highly packed backbones in amyloid B-sheet structures.
We have shown that PK digestion also allows to reveal the
existence of a fibrillar core in AP peptide IBs [21]. We used
the same approach to asses if the presence of a similar
fibrillar material might account for the amyloid confor-
mational properties of HET-s IBs. All purified HET-s IBs
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50 pum

Congo-Red (CR) binding to different HET-s IBs by UV/Vis spectroscopy and staining and birefringence under
cross-polarized light using an optic microscope. (A and B) CR spectral changes in the presence of different HET-s IBs;

(A) Changes in A,

max

and intensity in CR spectra in the presence of IBs; (B) Difference absorbance spectra of CR in the presence

and absence of IBs showing in all cases the characteristic amyloid band at ~540 nm. (C) HET-PFD IBs stained with Congo red
and observed at 40% magnification and in (D) the same field observed between crossed polarizers displaying the green birefrin-

gence characteristic of amyloid structures.

displayed a typical compact and electrodense structure
(Figure 4, left panel). The progress of the digestion reac-
tion was followed by monitoring the changes in the solu-
tion turbidity at 350 nm. The reaction reached a plateau
after ~60 min (data not shown). We imaged samples
taken at ¢, ,. The aggregates were partially digested and the
presence of abundant fibrillar structures could be
observed in the IBs formed by all HET-s polypeptides (Fig-
ure 4, central and right panel). It is important to note that
amyloid fibrils do not form spontaneously from soluble
HET-s in the presence of the PK concentrations used to
digest IBs [see Additional file 1] and therefore that the
observed fibrillar material is not the result of the release
HET-s fragments into solution and its subsequent reas-
sembly. The fibrils are associated with apparently amor-

phous material and in some micrographs fibrils emerging
from the preformed compact IBs are seen. The fibrils
dimensions and morphology are very similar to that of
the infectious amyloid fibrils formed in vitro at pH 7.0: the
elementary fibrils are ~5 nm in diameter and tend to asso-
ciate laterally into bundles or stacks [14,22]. Overall, it
appears that the different HET-s IBs constitute a bacterial
reservoir of amyloid structures that coexist with more dis-
ordered and PK susceptible protein regions.

Stability of HET-s PFD IBs towards chemical denaturation
We have previously characterized the stability of HET-s
PFD fibrils towards chemical denaturation with
Gdn-HCI. At pH 7, we found that the midpoint (m;,) of
the transition between the aggregated and soluble states of
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Figure 4

HET-s IBs structure before (left panel) and after 30 min of proteinase K digestion (central and right panel) as

monitored by transmission electronic microscopy.

the prion domain is attained at a Gdn - HCI concentration
of~3.5 M [14]. In a recent study we demonstrated that the
same approach can be used to approximate the stability of
bacterial IBs [23]. This provides us with an opportunity to
compare the strength of the contacts stabilizing HET-s
PFD IBs with that established by the same polypeptide in
the amyloid fibrillar state. IBs denaturation was measured
by monitoring the changes in absorbance at 350 nm in
the presence of 0 to 8 M Gdn-HCI. As for fibrils, we
assumed that only aggregated states contribute signifi-
cantly to the signal. To determine the incubation time
necessary to reach equilibrium we followed the kinetics of
IBs solubilization in the presence of different Gdn-HCI
concentrations. We observed that, as happens in the dena-
turation of globular proteins, both the amplitude and the
fast rate constant of the reaction increased with increasing
chaotropic agent concentrations (Figure 5A). In all cases

the reaction was complete before 10 h of incubation. We
calculated m, , for IBs solubilization under equilibrium
conditions (20 h incubation) to be ~1.5 M (Figure 5B).
Therefore, the in vivo formed aggregates are significantly
less resistant than in vitro fibrils to chemical denaturation
[14]. The reduced stability of IBs relative to the fibrils is
not surprising if we take into account the PK digestion
experiments discussed above which show that ordered
stable fibrillar and, amorphous and probably less stables
structures coexist in IBs. The presence of minor contami-
nants might also condition the stability of IBs.

Amyloid seeding capacity of HET-s IBs

The kinetics of amyloid fibril formation usually follow a
sigmoidal curve that reflects a nucleation-dependent
growth mechanism [24]. The assembly of HET-s PFD
fibrils in vitro at pH 7.0 follows this kinetic scheme (Figure
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Figure 5

HET-s IBs stability. (A) Kinetics of chemical solubilization
of HET-s PFD IBs at different Gdn-HCI, monitored by a time
dependent decrease in light scattering at 350. (B) Solubiliza-
tion at the equilibrium of HET-s PFD IBs in the presence of
increasing concentrations of Gdn-HCI monitored by light
scattering at 350 nm.

6). The detected lag phase corresponds to the formation of
the initial nuclei on which the polymerization or fibril
growth spontaneously proceeds. This step is considerably
shortened by the presence of preformed fibrils than can
act as seeds for the polymerization reaction. As previously
reported by Wasmer and co-workers [16], the presence of
limited amounts of HET-s PFD IBs also promotes a dra-
matic acceleration in the nucleation rate of soluble HET-s
PFD amyloid formation (Figure 6). Interestingly enough,
the IBs formed by the full-length prion protein and HET-s
157-298 promote exactly the same effect: the lag phase is
shortened from 30 to 10 min and the total reaction time
from 110 to 70 min. To ensure that the increase in aggre-
gation rates results from a faster growth of amyloid mate-
rial and not from the formation of amorphous
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Figure 6

Seeding-dependent maturation of HET-s PFD amy-
loid growth. The aggregation reaction was seeded with
HET-s(001-289), HET-s(157-289), HET-s(218-289), AB40 or
AP42 IBs. The fibrillar fraction of HET-s PFD is represented
as a function of time. The formation of HET-s PFD amyloid
fibrils is accelerated only in the presence of HET-s IBs.

assemblies, the morphology of the aggregates present in
seeded solutions was analyzed by EM at the end of the
reaction. As it is shown in Figure 7, independently of the
HET-s IBs used to seed the reaction, the presence of abun-
dant fibrillar structures with a morphology closely resem-
bling that of unseeded fibrils was observed in all cases.

Amyloid formation is a highly specific process that can be
accelerated only by homologous fibrils, but not by fibrils
from unrelated polypeptides. This is because the amino
acid sequence dictates the fibril conformation and it is in
fact the fibril structure which determines seeding ability
[1]. To test if this selectivity also applies in the case of IBs
we performed cross-seeding experiments of soluble HET-s
PFD with the IBs formed by the two amyloidogenic vari-
ants of the Alzheimer's related peptides AB40 and AB42.
The presence of AB IBs does not affect the nucleation or
the elongation rates (Figure 6) confirming that a highly
specific molecular recognition between soluble and aggre-
gated states is indispensable for seeding to occur. There-
fore, the cross-reactivity observed for the different HET-s
forms strongly suggests that the f3-solenoid supramolecu-
lar disposition proposed for HET-s PFD IBs [16] is also
present in the bacterial aggregates formed by the full-
length HET-s prion. Structural similarity of the 218-289
region in PFD alone and full length HET-s in vitro amy-
loids was recently evidenced by ssNMR [25].

Conclusion
Prions are misfolded, self-propagating, infectious pro-
teins. The HET-s PFD of Podospora anserina constitutes the
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Figure 7

Morphological properties of HET-s PFD aggregates present at the final time point of soluble monomer non-
seeded aggregation reactions (top panel) or at the final stage of reactions seeded with HET-s(001-289) (top-
middle panel), HET-s(157-289) (bottom-middle panel) and HET-s(218-289) IBs (bottom panel) as monitored
by transmission electronic microscopy.
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only model for which the infectious fold is known to date
at atomic resolution. Moreover, the same fold appears to
be conserved in the IBs it forms in bacteria. We show here
that the IBs formed by the full-length prion display very
similar amyloid characteristics, becoming thus an inter-
esting model to study amyloid formation in bacteria. The
formation of prionic infectious folds is known to be
tightly controlled by the cellular folding machinery [26].
For HET-s, this propagation depends on molecular chap-
erones and more specifically on Hsp104 as has been
shown not only in P. anserina but also when this prion is
heterologously expressed in yeast. The data in the present
study supports the use bacterial systems to study how the
very well characterized homologous prokaryotic chaper-
ones, for example ClpB (a Hsp104 homolog), recom-
binant eukaryotic chaperones or small chemical
compounds modulate the formation and structure of
infectious prions in a more simple cellular background.
Although solid state NMR provides a detailed view of the
conformational properties of IBs at the molecular level, it
requires specific equipment, labelling of the proteins,
growing of the bacterial cells in non physiological mini-
mal media and is overall a slow technique not suitable for
large scale screening. The set of biophysical approaches
described in the present work accurately report on the
conformational properties of prionic HET-s IBs allowing
to monitor how bacterial backgrounds modulate their
properties in a faster and simpler manner.

Methods

Protein expression

Plasmids encoding for C-terminally histidine-tagged HET-
s full-length, HET-s(157-289) and HET-s PFD polypep-
tides have been previously described [9,11,19]. They were
cloned into the Ndel and HindlIII sites of the pET21a vec-
tor (Novagen) and transformed into BL21(DE3) pLysS
cells. The C-terminal histidine tag does not affect the bio-
logical activity of HET-s in P. anserina [19]. For protein
expression, 10 mL overnight culture of transformed cells
was used to inoculate 2 L of DYT medium, which was fur-
ther incubated at 37°C and 200 rpm. At an ODj, 0f 0.5,
protein expression was induced with 1 mM of isopropyl-
1-thio-B-D-galactopyranoside for 3 h at 37°C, then the
cultures were centrifuged and the cell pellet frozen at -
20°C.

IB purification

IBs were purified from induced cell extracts by detergent-
based procedures as previously described [27]. Briefly,
cells were harvested by centrifugation at 12 000 x g (at
4°C) for 15 min and resuspended in 200 pL of lysis buffer
(50 mM Tris-Cl pH 8, 1 mM EDTA, 100 mM NaCl), plus
30 pL of 100 mM protease inhibitor PMSF and 6 pL of 10
mg/mL lysozyme. After 30 min of incubation at 37°C
under gentle agitation, NP-40 was added at 1% (v/v) and
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the mixture incubated at 4°C for 30 min. Then, 3 pL of
DNase I and RNase from 1 mg/mL stock (25 pg/mL final
concentration) and 3 pL of 1 M MgSO, were added and
the resulting mixture was further incubated at 37°C for 30
min. Protein aggregates were separated by centrifugation
at 12 000 x g for 15 min at 4°C. Finally, IBs were washed
once with the same buffer containing 0.5% Triton X-100
and once with sterile PBS. After a final centrifugation at 12
000 x g for 15 min, pellets were stored at -20° C until anal-
ysis. The frozen pellets were reconstituted in PBS buffer.
SDS-PAGE analysis revealed that in all cases HET-s pro-
teins were the major polypeptidic components of the
respective aggregates.

Secondary structure determination

ATR FT-IR spectroscopy analyses of HET-s IBs were per-
formed using a Bruker Tensor 27 FI-IR Spectrometer
(Bruker Optics Inc) with a Golden Gate MKII ATR acces-
sory. Each spectrum consists of 20 independent scans,
measured at a spectral resolution of 2 cm! within the
1800-1500 cm-! range. All spectral data were acquired and
normalized using the OPUS MIR Tensor 27 software. Sec-
ond derivatives of the spectra were used to determine the
frequencies at which the different spectral components
were located.

CD spectra were collected in the 200 - 250 nm range at
25°C and measured at a spectral resolution of 1 cm-!, and
a scan rate of 15 nm min-! using a Jasco 810 spectropola-
rimeter with a quartz cell of 0.1 cm path length.

Chemical denaturation

For stability assays, purified IBs were prepared at OD5s(
=1 in PBS solution at pH 7.0 containing selected concen-
trations of guanidine hydrochloride (Gdn-HCI) ranging
from 0 to 8 M. For equilibrium denaturation experiments,
the reactions were allowed to reach equilibrium by incu-
bating them for 20 h at room temperature. The fraction of
soluble protein (f) was calculated from the fitted values
using equation: fg = 1-((ys-¥)/(ys¥a)), where ygand y, are
the absorbance at 350 nm of the soluble and aggregated
protein, respectively, and y is the absorbance of the pro-
tein solution as a function of denaturant concentration.
The value m,, was calculated as the denaturant concen-
tration at which f; = 1/2. OD;5 ,, changes were moni-
tored in a Cary-400 Varian spectrophotometer (Varian
Inc.).

For kinetic experiments, purified IBs were prepared at
OD3504m = 1 in PBS solution at pH 7.0 containing selected
concentrations of Gdn - HCI. The reaction was monitored
by measuring the changes in ODj;s, ,,,,- Double-exponen-
tial decay curves were fitted to the data using Sigmaplot
non-linear regression software (Jandel Scientific, San
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Rafael, CA, USA), and apparent rate constants were
derived from these regressions.

Limited proteolysis

HET-s IBs (to a final OD55; ,, = 0.125) were digested at
37°C with 10 pg/mL of proteinase K (PK) in pH 7.0 PBS
buffer and the digestion was followed by UV/Vis spectros-
copy at 350 nm. After 30 min of reaction, fractions of the
samples were centrifuged and the insoluble part resus-
pended in water, placed on carbon-coated copper grids,
and left to stand for five minutes. The grids were washed
with distilled water and stained with 2% (w/v) uranyl ace-
tate for another two minutes before analysis using a
HitachiH-7000 transmission electron microscope operat-
ing at accelerating voltage of 75 kV.

Congo Red binding

Congo-Red (CR) interaction with different HET-s IBs was
tested using a Cary100 (Varian) UV/Vis spectrophotome-
ter by recording the absorbance spectra from 375 nm to
675 nm using a matched pair of quartz cuvettes of 1 cm
optical length placed in a thermostated cell holder at
25°C. In order to detect the typical amyloid band at ~540
nm, differential CR spectra in the presence and absence of
protein were used.

HET-s IBs were incubated for 1 h in the presence of 50 uM
CR. After centrifugation (14 000 x g for 5 min), the precip-
itated fraction was placed on a microscope slide and
sealed. The CR birefringence was detected under cross-
polarized light using an optic microscope (Leica DMRB,
Heidelberg, Germany).

Seeding assays

HET-s PFD aggregation from soluble monomer was mon-
itored by measuring the transition from non-aggregated to
aggregated state by UV/Vis spectrophotometry at 350 nm.
In the seeding assay, a solution of different HET-s IBs (to
a final OD;5,= 0.125) was also added at the beginning of
the reaction. Cross-seeding assays with AB40 and AB42 IBs
were performed in the same manner. All experiments were
carried out at 40°C and 1400 rpm with an initial soluble
monomer concentration of 10 uM.

HET-s PFD aggregation process may be studied as an auto-
catalytic reaction using the equation f = ( {exp [(1+ )kt]-
1})/{1+ *exp[(1+ )kt]} under the boundary condition of
t=0and f = 0, where k = k,a (when a is the protein con-
centration) and represents the dimensionless value to
describe the ratio of k, to k. By non-linear regression of f
against t, values of and k can be easily obtained, and from
them the rate constants, k, (elongation constant) and k,
(nucleation constant). The extrapolation of the growth
portion of the sigmoid curve to abscissa (f = 0), and to the
highest ordinate value of the fitted plot, afforded two val-
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ues of time (t, and t,), which correspond to the lag time
and to the time at which the aggregation was almost com-
plete [28].
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Abstract

Background

Prions were first identified as infectious proteins associated with fatal brain diseases in
mammals. However, fungal prions behave as epigenetic regulators that can alter a range of
cellular processes. These proteins propagate as self-perpetuating amyloid aggregates being an
example of structural inheritance. The best-characterized examples are the Sup35 and Ure2
yeast proteins, corresponding to [PSI+] and [URE3] phenotypes, respectively.

Results

Here we show that both the prion domain of Sup35 (Sup35-NM) and the Ure2 protein
(Ure2p) form inclusion bodies (IBs) displaying amyloid-like properties when expressed in
bacteria. These intracellular aggregates template the conformational change and promote the
aggregation of homologous, but not heterologous, soluble prionogenic molecules. Moreover,




in the case of Sup35-NM, purified IBs are able to induce different [PSI+] phenotypes in
yeast, indicating that at least a fraction of the protein embedded in these deposits adopts an
infectious prion fold.

Conclusions

An important feature of prion inheritance is the existence of strains, which are phenotypic
variants encoded by different conformations of the same polypeptide. We show here that the
proportion of infected yeast cells displaying strong and weak [PSI+] phenotypes depends on
the conditions under which the prionogenic aggregates are formed in E. coli, suggesting that
bacterial systems might become useful tools to generate prion strain diversity.
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Protein aggregation, Inclusion bodies, Prions, Sup35-NM, Ure2p, Amyloid fibrils, E. coli

Background

Mammalian prions cause fatal neurodegenerative disorders, like Creutzfeldt—Jacob disease in
humans, bovine spongiform encephalopathy and scrapie in sheep [1]. In yeast, several
polypeptides can form prions that behave as dominant non-Mendelian cytoplasmic genetic
elements. The best-characterized yeast prionogenic proteins are Sup35 and Ure2, which, in
their aggregated state, form two cytosolic inheritable elements named [PSI+] and [URE3],
respectively. Whether this property is detrimental and prion formation constitutes a
pathological yeast trait or it is, in contrast, associated to beneficial phenotypes is
controversial [2]. The fact that in wild-type yeast, the [PSI+] or [URE3] prions were initially
not found was interpreted in favour of the first possibility [3,4], but a recent study by the
Lindquist’s group demonstrates that various yeast prions can be found in several isolates of
wild type yeast [5], favouring thus the second possibility. Regardless of their cellular effects,
both mammalian and fungal prion proteins are characterized by a high propensity to assemble
into amyloid-like aggregates under physiological conditions both in vitro and in the cell [6].
Prions represent a particular subclass of amyloids for which the aggregation process becomes
self-perpetuating in vivo and therefore infectious [7]. In vitro, the assembly of prions into
amyloid aggregates displays a characteristic lag phase, which is abrogated in the presence of
preformed fibres [8-10]. This seeded catalysis of the polymerization reaction underlies prion
conformational replication and infectivity [6]. Reconstitution of in vivo infectivity from in
vitro aggregates formed by recombinant purified prions has definitively proven the protein
only hypothesis for prion formation and the connection between amyloid conformations and
prion spreadable species [11,12]. Prion assemblies of the same protein might lead to
phenotypically different transmissible states or strains [13]. It is suggested that this
phenomenon results from a single protein being able to adopt multiple misfolded
conformations, each one corresponding to a specific strain.

The formation of inclusion bodies (IBs) in bacteria has long been regarded as an unspecific
process depending on the establishment of hydrophobic contacts between partially or totally
unfolded species after protein synthesis at the ribosome [14]. However, an increasing body of
evidence indicates that bacterial IBs share a number of common structural features with the
highly ordered and, in many cases, pathogenic amyloid fibrils [15-18]. So far, the
conformational and functional characteristics of the 1Bs formed by prions in bacteria have




been only explored in detail for the HET-s prion of the filamentous fungus Podospora
anserina [19,20]. The HET-s prion functions in a genetically programmed cell-death
phenomenon, which occurs when two fungal strains of different genotypes fuse [21]. For this
particular prionogenic protein, the formation of IBs and amyloid fibrils seem to be a
remarkably similar process as 1Bs display a highly ordered amyloid-like conformation at the
molecular level [19,20], are able to seed the polymerization of amyloid-fibrils in vitro [19,20]
and turn to be infectious in vivo [20]. This suggests that the aggregates formed by other
prionogenic proteins in bacteria might exhibit equal properties. We show here that this is the
case for the yeast prion domain of Sup35 (Sup35-NM) and the Ure2 protein (Ure2p).

Results and discussion

Ure2p and Sup35-NM form f-sheet enriched IBs

We analyzed the cellular distribution of Ure2 and Sup35-NM proteins when expressed
recombinantly in bacteria at 37°C. Western blotting and densitometry of the soluble and
insoluble fractions indicate that about 50% of Ure2p and 40% of Sup35-NM recombinant
proteins reside in the insoluble cellular fraction in these conditions (Figure 1A). Accordingly,
bacterial cells expressing these polypeptides form birefringent IBs, located predominantly at
the cell poles, as shown by phase contrast microscopy (Figure 1B).

Figure 1 Solubility properties of recombinant Sup35-NM (left panel) and Ure2 (right
panel) proteins. (A) Western blot of the soluble and insoluble fractions of cells expressing
Sup35-NM and Ure2p at 37°C detected with an anti-histag antibody and quantified by
densitometry using the Quantity-One software (Bio-Rad). (B) Localization of cytoplasmic
IBs at the poles of cells expressing Sup35-NM and Ure2p proteins, as imaged by phase
contrast microscopy

The aggregation of proteins into amyloid fibrils results in the formation of intermolecular -
sheets [22,23]. Fourier-transform infrared (FT-IR) spectroscopy allows addressing structural
features of protein aggregates [24,25]. Specifically, the amide | region corresponding to the
absorption of the carbonyl peptide bond group of the protein main chain is a sensitive marker
of the protein secondary structure. To decipher the secondary structure in Sup35-NM and
Ure2p IBs, we purified them from bacterial cell extracts and analyzed their FT-IR spectra
(Figure 2A, B and C). Deconvolution of the absorbance spectrum in the amide | region for
Sup35-NM and Ure2p IBs permitted to identify the individual secondary structure
components and their relative contribution to the main absorbance signal. Both IBs exhibit
FT-IR bands that can be assigned to the presence of intermolecular B-sheets (Table 1). These
signals are absent or display a low intensity in the FT-IR of purified, initially soluble and
monomeric, Sup35-NM and Ure2p species (Figure 2A and B). Therefore, as reported for
other amyloid proteins [15,18,19,26], aggregation of Sup35-NM and Ure2p into IBs results in
the formation of a supra-molecular structure in which at least part of the polypeptide chains
adopt a disposition similar to this in amyloids. The IBs of the two yeast prionogenic proteins
display, however, certain differences in secondary structure (Table 1 and Figure 2C); Ure2p
IBs being slighted enriched in intermolecular B-sheet structure relative to Sup35-NM
aggregates. The secondary structure content of Sup35-NM IBs closely resembles the one we
observed for fibrils under agitation conditions [27]. In the case of Ure2p IBs, their secondary
structure is more similar to that in fibrils formed under quiescent conditions [28]. In fact we



have shown that, in contrast to Sup35-NM, the secondary structure content of Ure2p is
strongly dependent on the aggregation conditions [27].

Figure 2 Conformational properties of soluble and aggregated Sup35-NM and Ure2
proteins. Secondary structure of Sup35-NM (A) and Ure2 (B) yeast proteins in their soluble
forms and inside the IBs formed at 37°C as determined FT-IR spectroscopy in the amide |
region of the spectrum. Empty circles, solid thick lines and solid thin line show the
absorbance spectra, the sum of individual spectral components and the inter-molecular -
sheet band, respectively; note that whereas Sup35-NM and Ure2p IBs display the typical
inter-molecular B-sheet band at 1625-1630 cm™, this signal is low or absent in soluble
species. (C) Comparative analysis of the secondary structure of Sup35-NM and Ure2p IBs.
Empty circles, solid thick lines and solid thin lines show the absorbance spectra, the sum of
individual spectral components and the deconvolved component bands, respectively. (D)
Stability of yeast prionogenic IBs in front of Gdn-HCI denaturation at equilibrium monitored
by changes in turbidity at 350 nm

Table 1 Secondary structure bands in the absorbance FT-IR spectra of purified E. coli
Sup35-NM and Ure2p IBs

18°C 37°C

Sup35-NM IBs Sup35-NM IBs Ure2p IBs

Band (cm™) Area (%) Band (cm™) Area (%) Band (cm™) Area (%) Structure
1615 4 1617 7 1617 8 Tyrosine ring
1629 29 1628 21 1629 26  P-sheet (inter-molecular)
1652 51 1653 65 1650 45
1665 2 1676 6 1664 10  loop/B-turn/bend/a-helix
1677 12 1682 1 1677 11

The presence of regular secondary structure inside IBs implies the existence of cooperative
interactions involving the main and side chains of the polypeptides embedded in these
aggregates. To confirm this extent, we used chemical denaturation with guanidine
hydrochloride (Gdn-HCI). We have shown before that this approach allows to approximate
the conformational stability of intracellular aggregates [29]. Ure2p and Sup35-NM IBs
denaturation was measured by monitoring the changes in absorbance at 350 nm in a Gdn-HCI
range from O to 8 M. We calculated [Gdn-HCI]y, for IBs solubilization under equilibrium
conditions (20 h incubation) to be 1.8 M and 2.1 M for Sup35-NM and Ure2p IBs,
respectively (Figure 2D). These values are close to the one observed for HET-s PFD IBs (1.6
M) [19] and in agreement with their relative intermolecular -sheet content. The cooperative
denaturation transitions observed for both IBs support the presence of selective contacts in at
least a fraction of the molecules deposited inside them.

Amyloid properties of Sup35-NM and Ure2p IBs

We used the amyloid-specific dyes Congo red (CR), thioflavin T (Th-T) and S (Th-S) to
confirm that the detected P-sheet secondary structure in Sup35-NM and Ure2p IBs is
organized into an amyloid-like suprastructure. The absorbance of CR increases and the
spectrum maximum red-shifts to 510 nm in the presence of both IBs (Figure 3A). This
spectral change corresponds to that observed in the presence of the fibrils formed in vitro by
both proteins [27,30,31]. Moreover, the difference spectra of the dye in the presence and
absence of IBs exhibit the characteristic amyloid band at 541 nm (Figure 3B).



Figure 3 Specific amyloid dyes staining of yeast prion IBs. (A) CR spectral changes in the
presence of each IB; displaying the characteristic red-shift in Amax and intensity increase in
CR spectra in the presence of IBs. (B) Difference absorbance spectra of CR in presence and
absence of IBs showing the characteristic amyloid band at 541 nm for both yeast proteins. (C)
Fluorescence emission spectrum of Th-T in the presence of each IB when excited at 445 nm;
note the characteristic maximum at ~ 480 nm upon binding to amyloid structures. (D) Yeast
prions IBs stained with Th-S and observed at 40x magnification by phase contrast and
fluorescence microscopy displaying the green fluorescence characteristic of amyloid
structures

Th-T fluorescence emission is enhanced in the presence of yeast prion amyloid fibrils
[27,30,31]. The same behaviour is observed upon incubation of Th-T with yeast proteins IBs
(Figure 3C). The Th-T fluorescence at the 480 nm spectral maximum increases 20- and 40-
folds for Sup35-NM and Ure2p IBs, respectively. Furthermore, binding of Th-S to IBs was
visualized by fluorescence microscopy (Figure 3D). For both IBs, areas rich in fibrous
material were stained with Th-S to yield a bright green—yellow fluorescence against a dark
background. Therefore, consistently with the secondary structure data and the existence of
selective interactions, the dye binding results indicate that both IBs possess detectable
amounts of amyloid structure.

Sup35-NM and Ure2p IBs selectively seed amyloid formation

The kinetics of amyloid fibril formation usually results in a sigmoid curve that reflects a
nucleation-dependent growth mechanism [29]. We have shown previously that the in vitro
assembly of Sup35-NM and Ure2p fibrils follows this kinetic scheme [27]. The detected lag
phase corresponds to the formation of the initial nuclei on which the polymerization or fibril
growth would further spontaneously proceed. Seeded protein polymerization is a well-
established mechanism for in vivo amyloid fibril formation and underlies prion propagation
[32-34]. In Figure 4, it is shown, the effect of the presence of preformed amyloid Sup35-NM
and Ure2p fibrils on the kinetics of fibril formation. In the presence of a 10% of preformed
fibrils, the apparent nucleation constant (k) increases by three- and five-fold for Sup35-NM
and Ure2p, respectively (Table 2). As a result, the lag phase of the reaction is shortened by 22
min for Sup35-NM and by 62 min for Ure2p. As expected, no significant changes in the
apparent elongation constants (k.) were detected since fibril seeds act preferentially at the
nucleation stage.

Figure 4 Aggregation kinetics of Sup35-NM and Ure2p. The aggregation reactions of 20
UM yeast prionogenic proteins were carried out under agitation at 37°C. 2 uM of in vitro
formed fibrils (representing 10% of the final protein concentration) or IBs (at a final OD3sonm
of 0.125) were used for seeding and cross-seeding assays. The fibrillar fraction of Sup35-NM
(A) and Ure2p (B) is represented as a function of time. The formation of Sup35-NM and
Ure2p amyloid fibrils are accelerated only in the presence of pre-aggregated homologous
protein, either fibrils or IBs




Table 2 Kinetic parameters of Sup35-NM and Ure2p aggregation reactions
Protein Parameters Non seeded Sup35-NM Fibrils Sup35-NM IBs Ure2p IBs

Sup35-NM k, /10°s*  0.35 1.07 1.00 0.45
ke /Mtst 3754 36.08 36.67 36.07
c-ke /10%-s™* 750.83 721.50 733.33 721.33
to /s 124.0 102.5 98.6 123.0
tuo IS 169.9 150.1 149.6 171.0
ty /s 215.8 197.8 200.7 219.1

Protein Parameters Non seeded Ure2p Fibrils Ure2p IBs Sup35-NM IBs

Ure2p ko/10°st  2.13 11.46 14.24 2.62
ke /Mtst 2233 23.40 21.49 22.53
c-ke /1085 446.67 468.00 429.83 450.50
to /s 122.9 60.8 54.9 114.5
tyo IS 199.9 131.2 129.5 190.3
ty /s 276.8 201.6 204.2 266.0

To test if the detected amyloid-like structures in Sup35-NM and Ure2p IBs were able to
template the conformational conversion of their respective soluble species into amyloid
fibrils we performed aggregation experiments in the presence of preformed and purified IBs.
The effect exerted by these aggregates on fibril formation Kinetics is analogous to that
promoted by the corresponding fibrillar states. Their presence do not affect k. but increases kj
by three- and seven-fold for Sup35-NM and Ure2p reactions, respectively; shortening the
respective lag phases in 26 min and 68 min (Figure 4). Interestingly enough, fibrils and IBs
have quantitatively similar effects on the reaction constants for amyloid formation of yeast
prionogenic proteins (Table 2).

In contrast to amorphous aggregation, amyloid formation is a specific process that can be
seeded by homologous fibrils, but not by fibrils from unrelated polypeptides, even if they
share a cross B-sheet conformation [35]. To test if this selectivity also applies in the case of
IBs, we performed cross-seeding experiments, seeding the aggregation reaction of Sup35-NM
with preformed Ure2p IBs and vice-versa. Importantly, the presence of heterologous
prionogenic IBs does not affect the nucleation rates or lag times (Figure 4 and Table 2). This
confirms that, as for fibrils, a specific molecular recognition between the soluble species and
aggregated polypeptides underlies IBs-promoted fibril seeding.

The morphology of the aggregates in seeded and non-seeded reactions was analyzed by
transmission electronic microscopy (TEM) to make sure that the observed increase in
aggregation rates results from a faster growth of amyloid material and not from a rapid
formation of amorphous assemblies. As shown in Figure 5, regular fibrillar structures were
observed in all cases. Interestingly, the morphology of the fibrils formed by seeding with
fibrils and IBs of the same protein were similar. Overall, the data allow concluding that the
selective intra- and inter-molecular contacts that characterize yeast prions fibrils are
established as well by at least a fraction of the polypeptide chains embedded in the
intracellular aggregates formed by these proteins in bacteria.



Figure 5 Sup35-NM and Ure2p amyloid fibrils. Morphology of Sup35-NM (A) and Ure2p
(B) amyloid-like aggregates observed at the final time point of the aggregation Kinetics.
Fibrils in un-seeded, seeded and cross-seeded reactions were monitored by transmission
electronic microscopy

Sup35-NM IBs are infectious

The Sup35 protein is an eukaryotic release factor, which is required for translation
termination in yeast [36,37]. In contrast to [psi-] cells, where the Sup35 protein is soluble and
functional, [PSI+] cells exhibit a nonsense suppressor phenotype due to reduced translation
termination efficiency as consequence of the sequestration of native Sup35 into insoluble
amyloid structures [38,39]. Both the cellular content of yeast [PSI+] cells and the amyloid
fibrils formed in vitro by purified and soluble Sup35-NM are infectious and suffice to
promote the transformation of the [psi-] phenotype into the [PSI+] if they enter into the cell
[40].

The biophysical characterization of Sup35-NM and Ure2p aggregates suggests that these
proteins might get access to prion conformations when expressed recombinantly in bacteria.
As described above, in the case of Sup35-NM this property can be assessed monitoring the
conversion of [psi-] yeast cells into [PSI+] ones. To test this possibility, we fractionated
bacterial cells expressing Sup35-NM. The resulting soluble and insoluble fractions were used
to transform spheroplasts of a [psi-] yeast strain as described in the Methods section.
Bacterial cells expressing an insoluble variant of the spectrin SH3 domain (MAXF-SH3) [41]
were processed in the same manner as a control, to make sure that phenotypic conversion is
not caused by endogenous bacterial material or by the presence of a generic aggregation-
prone protein in the transformation solution. A pESC-URA3 plasmid that allows selecting for
the reduced fraction of transformed cells by uracil auxotrophy was added to each of the
fractions. Upon spheroplast transformation, yeast cells were grown in uracil-deprived plates.
Subsequently, they were streaked in ¥4YPD plates. On these plates, [psi-] cells are of an
intense red color whereas [PSI+] cells appear white or pink, depending if they convert to
strong or weak [PSI+] strains, respectively [42]. No [PSI+] colonies were observed for
transformations with any of the fractions of MAXF-SH3 expressing cells. In contrast,
transformation with the soluble and insoluble fractions of Sup35-NM expressing bacteria
resulted in a 1.7% and 3.5% of [PSI+] colonies, respectively (Figure 6 and Additional file 1:
Table S1). These results are reminiscent of those recently reported by Hochschild and co-
workers using a fusion of a Sup35-NMR*? variant, containing extra copies of the critical
oligopeptide repeat region and displaying an increased propensity to convert spontaneously
into the prion form in yeast [43], to GFP. They convincingly demonstrated the formation of
prionic variants of this protein fusion in bacteria [44]. In our study, we confirmed this
behaviour using the wild type Sup35-NM domain without any mutation or fusion that might
modify its intrinsic aggregation or conversion propensity [45].

Figure 6 Infectivity of Sup35-NM IBs. Induction of different [PSI+] strains upon
transformation of a [psi-] yeast strain with the soluble (S), insoluble (1) fractions of E. coli
cells expressing Sup35-NM protein at 18 and 37 ° C or purified Sup35-NM IBs. After PEG
transformation with the indicated material, yeast cells were recovered on SD-URA and
randomly selected colonies were spotted onto ¥ YPD plates to identify [PSI ] converted
colonies. [psi-] and [PSI+] columns correspond to the parental negative and positive control
strains. Transformation with the bacterial material induced pink (weak) and white (strong)



[PSI+] phenotypes. Representative images of spots corresponding to distinct strains are
shown for each transformed material (see Additional file 1. Table S1 for quantitative data)

An important difference between the results in both studies is that, in the case of the Sup35-
NMPR?2 _GFP fusion, the co-expression of the yeast Newl prionogenic protein in bacteria
appeared as a requirement for prion formation. In contrast, our data argue that the natural
bacterial protein machinery suffices to support the formation of prionic conformations,
without a requirement for exogenous factors. This apparent discrepancy in the genetic
background required for prion formation in bacteria might arise, among other reasons, from
the fact that, in our hands, the Hochschild fractionation protocol causes precipitation and loss
of most IBs. We thought that, according to their amyloid-like properties, the polypeptides
embedded in these aggregates might contribute significantly to infectivity. To confirm this
point, we purified Sup35-NM IBs from the insoluble fraction of cells cultured at 37°C and
transformed them in [psi-] yeast spheroplasts. [PSI+] strain conversion occurred at a
frequency of 5.6%. 65% of the transformed cells exhibited a weak pink [PSI+] phenotype
and the rest where white (Figure 6 and Additional file 1: Table S1). Both Sup35-NM IBs
induced weak and strong [PSI+] phenotypes could be cured when the transformed yeast cells
were transiently grown on a medium containing guanidine hydrochloride (Figure 7).
Moreover, when cellular extracts of [PSI+] yeast cells resulting from IBs transformation
were used to transform [psi-] spheroplasts, 40% of the resulting colonies converted to [PSI+].
These two features are characteristic of [PSI+] strains and support an infective prion nature
for at least a fraction of the protein embedded in Sup35-NM IBs. Overall, independently of
methodological differences, the data in the two studies converge to demonstrate that the
bacterial cytosol supports the formation of infective amyloid-like structures.

Figure 7 Curing the Sup35-NM IBs induced [PSI+] phenotype. Comparison of spots of
control [psi-] and [PSI+] strains with cells displaying weak and strong [PSI+] phenotypes
obtained by infection with Sup35-NM IBs. Cells were spotted on ¥ YPD before (left) and
after (right) culture on a medium containing 3 mM Gdn-HCI

Temperature dependence of the infectious properties of Sup35-NM aggregates

It is postulated that the existence of distinct amyloid conformations of Sup35-NM accounts
for the different [PSI+] phenotypes that this prionogenic protein induces in yeast [40,46,47].
In vitro, the temperature at which the aggregation of prionogenic proteins occurs might
influence the conformational properties of the resulting fibrils [27]. Accordingly, Weissman
and co-workers demonstrated that Sup35-NM fibrils formed in vitro at different temperatures
rendered different [PSI+] phenotypes when transformed into [psi-] cells. Fibrils formed at
4°C resulted in a majority of [PSI+] cells displaying a strong (white) phenotype whereas
fibrils formed at 37°C rendered mostly weak (pink) strains [40]. This result is in agreement
with our observation that most of the [PSI+] yeast strains obtained after transformation with
the content of bacterial cells expressing Sup35-NM at 37°C displayed a weak phenotype. We
wondered if, by analogy to fibrils, cultivation of Sup35-NM expressing cells at lower
temperature would result in a significant increase of transformed cells displaying a strong
phenotype. To this aim, Sup35-NM was expressed in bacterial cells grown at 18°C. First, we
addressed if production at lower temperature modifies the distribution of recombinant Sup35-
NM between the soluble and insoluble fractions. As it can be seen in Figure 8A, at 18°C the
fraction of Sup35-NM protein residing in the insoluble fraction is reduced by about five-fold
relative to that observed at 37°C, representing 8% of the total recombinant protein. This
solubilizing effect of reduced temperature is well-documented for the expression of different



model proteins [48]. Still, when the cellular fractions of these bacterial cells were used to
transform [psi-] spheroplasts, the conversion efficiency into [PSI+] phenotypes was about
five-fold higher for the insoluble fraction than for the soluble one (Figure 6 and Additional
file 1: Table S1), arguing that Sup35-NM aggregates are enriched in prion conformations
relative to the corresponding soluble species. Interestingly enough, the reduction in the
production temperature results in a significant increase in the proportion of white colonies
(44%) among [PSI+] cells (Figure 6 and Additional file 1: Table S1), relative to those
observed at 37°C (25%). These data suggest that, in principle, one can modulate the infective
properties of prionogenic proteins produced in bacteria by tuning the production conditions.
In an effort to decipher the conformational determinants of the differential infective
properties of 37 and 18°C insoluble fractions, we purified IBs from the low temperature
insoluble fraction, analyzed their FT-IR in the amide | region of the spectra and compared it
with the one of IBs obtained at 37°C (Figure 8B). The shapes of both spectra were fairly
similar. This is in agreement with previous data in which we show that changes in the
temperature of aggregation of Sup35-NM fibrils do not induce dramatic changes in their
secondary structure content, as assessed by FT-IR [27]. Nevertheless, certain differences in
the contribution of the spectral components to the main spectra could be detected. In
particular, the ratio between the contribution of the band at 1628-1629 cm™ and that at 1652—
1653 cm™ is higher in the I1Bs formed at 18°C (0.56) than in the IBs formed at 37°C (0.32)
indicating a relative enrichment in intermolecular B-sheet in the 18°C aggregates [49] (Table
1). However, it is important to note that, despite the differences detected in IBs secondary
structure content might contribute to the observed phenotypic differences between insoluble
fractions, they might also be caused by more subtle conformational features to which FT-IR
is blind, as shown for Sup35-NM amyloid fibrils [13].

Figure 8 Solubility and conformational properties of Sup35-NM as a function of the
temperature. (A) Western blot of the soluble and insoluble fractions of cells expressing
Sup35-NM at 18 and 37°C detected with anti-histag antibody and quantified by Quantity One
software. (B) Comparative analysis of the secondary structure of Sup35-NM IBs formed at
18°C and 37°C as determined FT-IR spectroscopy in the amide | region of the spectrum.
Empty circles, solid thick lines and solid thin lines show the absorbance spectra, the sum of
individual spectral components and the deconvolved component bands, respectively

Conclusions

Prions are misfolded, self-propagating, infectious proteins. The bacterial IBs formed by HET-
s PFD have been shown to display an amyloid fold and to be infective [19,20]. We show here
that the 1Bs formed by the yeast Ure2 and Sup35-NM prionogenic proteins have an amyloid
nature, while confirming the previous observation that bacteria supports the formation of
Sup35-NM prion conformations. Moreover, we prove that a major fraction of the
recombinant infective species is embedded in IBs. The formation of infectious prion folds in
bacteria can be modulated by the expression conditions, as illustrated here using different
growth temperatures. Since proteins accumulate in I1Bs at high levels and these biological
particles are easily purified, it is suggested that they might become a convenient source to
obtain prion particles exhibiting strain diversity. Besides, prion producing bacterial cells can
potentially be used to develop screens for anti-prion drugs; an approach already validated in
yeast models [50,51].



Methods

Protein expression and purification

Plasmids encoding Sup35-NM residues 1 to 254 (NM) C-terminally tagged with 7x-histidine
and Ure2p N-terminally tagged with 6x-histidine have been described previously [13,52,53].
The histidine tag does not affect the biological activity of Sup35-NM and Ure2p in
Saccaromyces cerevisiae [13,54]. The plasmids were transformed into BL21(DE3) pLysS E.
coli cells. For protein expression, 10 mL overnight culture of transformed cells was used to
inoculate 2 L of DYT medium, which was further incubated at 37°C and 250 rpm. At an
ODgoonm Of 0.5, protein expression was induced with 1 mM of isopropyl-1-thio-f-D-
galactopyranoside (IPTG) at 37°C for 3 h and 14 h for soluble protein and IBs purification,
respectively. The cultures were centrifuged at 8 000 xg for 10 min, then resuspended in 20
mL of deionized water, centrifuged at 15 000 xg for 10 minutes and the cell pellet frozen at
—80°C. For expression experiments at low temperature, cells were initially grown at 37°C
until an ODggonm Of 0.4, transferred to 18°C for 20 min, induced with 1 mM IPTG and
incubated for 14 h.

Ure2p and Sup35-NM proteins were purified from the soluble and insoluble cell fractions,
respectively, essentially as previously described [27]. For lysis, cells were resuspended in 5
mL of deionized water and 45 mL of non-denaturing washing buffer (20 mM Tris-HCI at pH
8.0, 0.5 M NacCl) was further added. The cell suspension was placed under gentle agitation
for 15 min. Finally, the samples were sonicated with a Branson Sonifier® ultrasonic cell
disruptor for 3 min on ice. Soluble and insoluble fractions were separated after cell lysis by
centrifugation at 15 000 xg for 30 minutes. When required, the insoluble fraction was
resuspended in denaturing washing buffer. Affinity chromatography on FF-Histrap resin
(Amersham, Uppsala, Sweden) under denaturing (20 mM Tris-HCI at pH 8.0, 0.5 M NaCl, 6
M Gdn-HCI, and 20 mM or 500 mM imidazole for washing and elution buffer, respectively)
and non-denaturing conditions (20 mM Tris-HCI at pH 8.0, 0.5 M NaCl, and 20 mM or 500
mM imidazole for washing and elution buffer, respectively) was used for Sup35-NM and
Ure2p purfication, respectively. Buffer was exchanged by gel filtration on Sephadex G-25
column (Amersham, Uppsala, Sweden) for native buffer (50 mM Tris-HCI and 150 mM NaCl
at pH 7.4).

Sup35-NM and Ure2p IBs purification

IBs were purified from induced cell extracts by detergent-based procedures as previously
described [16]. Briefly, cells in a 10 mL culture were harvested by centrifugation at 12 000
xg (at 4°C) for 15 min and resuspended in 200 pL of lysis buffer (50 mM Tris-HCI pH 8.0, 1
mM EDTA, 100 mM NaCl), plus 30 uL of 100 mM protease inhibitor PMSF and 6 pL of a
10 mg/mL lysozyme solution. After 30 min of incubation at 37°C under gentle agitation, NP-
40 was added at 1% (v/v) and the mixture was incubated at 4°C for 30 min. Then, 3 pL of
DNase I and RNase from a 1 mg/mL stock (25pg/mL final concentration) and 3 pL of 1 M
MgSO, were added and the resulting mixture was further incubated at 37°C for 30 min.
Protein aggregates were separated by centrifugation at 12 000 xg for 15 min at 4°C. Finally,
IBs were washed once with the same buffer containing 0.5% Triton X-100 and once with
sterile native buffer. After a final centrifugation at 12 000 xg for 15 min, pellets were stored
at —20°C until analysis. The frozen pellets were reconstituted in native buffer. SDS-PAGE



analysis revealed that in all cases the yeast proteins were the major polypeptidic components
of the aggregates.

Fibril formation: aggregation kinetics and seeding assays

For aggregation reactions, 20 uM of soluble Sup35-NM and Ure2p in native buffer were
placed under agitation (~750 rpm with micro-stir bars) at 25°C. Conversion of soluble species
to aggregates was monitored by quantification of the relative Th-T fluorescence at 480 nm
when exciting at 445 nm. In the seeding assay, a solution of yeast prion IBs (to a final
ODs3s50nm = 0.125) or 2 uM of preformed fibrils was also added at the beginning of the
reaction. Cross-seeding assays were performed in the same manner. Yeast prions aggregation
process, as other related amyloid processes, may be modeled as an autocatalytic reaction
using the equation f = (p{exp[(1 + p)kt]-1}/{1 + p*exp[(1 + p)kt]} under the boundary
condition of t = 0 and f = 0, where k = kea (when a is the protein concentration) and p
represents the dimensionless value to describe the ratio of k, to k. By non-linear regression of
f against t, values of p and k can be easily obtained, and from them the rate constants, ke
(elongation constant) and k, (nucleation constant). The extrapolation of the growth portion of
the sigmoid curve to abscissa (f = 0), and to the highest ordinate value of the fitted plot,
afforded two values of time (t, and t;), which correspond to the lag time and to the time at
which the aggregation was almost complete [9,27,55].

Western blots

For Western blotting, bacterial cells were resuspended in lysis buffer and sonicated with a
Branson Sonifier® ultrasonic cell disruptor for 3 min on ice. The cellular extract was
centrifuged at 12 000 xg for 30 min. The soluble fraction was separated and pellet was
resuspended exactly in the same volume of lysis buffer. To 50 pL of the soluble and
resuspended insoluble fractions, it was added 25 pL of loading buffer (180 mM Tris—HCI pH
7, 30% glycerol, 0.05% bromophenol blue, 9% sodium dodecyl sulfate (SDS) and 15% -
mercaptoethanol) and the mixture was heated at 95°C for 10 minutes. Insoluble and soluble
fractions were resolved on 15% SDS-PAGE gels, transferred on to PVDF membranes, and
recombinant proteins detected with a polyclonal anti-histag antibody. The membranes were
developed with the ECL method [56]. The proportion of proteins in each fraction was
determinated using Quantity-One analysis software (Bio-Rad, Hercules, CA, USA).

Spheroplast preparation for transformation

Yeast cells culture

Yeast strains L1749 (MATa adel-14 ura3-52 leu2-3,112 trp1-289 his3-200, [psi-], [PIN+])
and L1762 (MATa adel-14 ura3-52 leu2-3,112 trp1-289 his3-200, Strong [PSI+], [PIN+])
were kindly provided by Susan Liebman. Yeast strains were grown in solid YEPD medium
for 48 h at 30°C; then a colony was inoculated in 10 mL liquid YEPD medium and incubated
overnight at 30°C and agitation of 250 rpm. 5 mL of this culture were used to inoculate 50
mL of liquid YEPD at 30°C and 250 rpm. When an ODggonm = 0.5 was reached, the culture
was centrifuged at 1 500 xg and room temperature for 10 min. Cells were successively
washed with 20 mL of sterile water and 1 M sorbitol, and centrifuged at 1500 xg and room
temperature for 5 min. Yeast cells were resuspended in SCE buffer (1 M sorbitol, 10 mM
EDTA, 10 mM DTT, 100 mM sodium citrate at pH 5.8) and divided in 2 tubes.



Lyticase preparation

Lyticase from Arthrobacter luteus obtained as lyophilized powder, >200 units/mg solid
(L4025: Sigma) was prepared at a final concentration of 10 000 units:mL™ in phosphate
buffer at pH 7.4 with 50% glycerol and kept at —80°C.

Spheroplast preparation

The first yeast cell tube was used to calculate the optimal spheroplast lyticase digestion time,
according to the provider instructions. The second one was incubated with 10 pL of lyticase
at 30°C until 85-90% of spheroplasts were reached. The spheroplasts solution was then
centrifuged at 750 xg and room temperature for 10 minutes. The spheroplasts were gently
resuspended and washed successively with 10 mL of 1 M sorbitol and STC buffer (1 M
sorbitol, 10 mM CaCl, and 10 mM Tris-HCI, pH 7.4), and centrifuged at 750 xg and room
temperature for 10 min. Finally, the spheroplasts were gently resuspended in 100 pL of STC
and immediately used.

Spheroplast transformation

25 uL of pelleted spheroplats resuspended in STC buffer were mixed with 3uL of sonicated
soluble, insoluble fractions or IBs of Sup35-NM, URA3-marked plasmid (pRS316) (20
pg/mL) and salmon sperm DNA (100 pg/mL). Fusion was induced by addition of 9 volumes
of PEG buffer (20% (w/v) PEG 8000, 10 mM CaCl,, 10 mM Tris:HCI at pH 7.5) for 30 min.
Cells were centrifuged at 750 xg and room temperature for 10 min, and resuspended in SOS
buffer (1 M sorbitol, 7 mM CaCl,, 0.25% yeast extract, 0.5% bacto-peptone), incubated at
30°C for 30 min and plated on synthetic medium lacking uracil overlaid with top agar (2.5%
agar).

Analysis of prion phenotypes

After growth on synthetic medium lacking uracil (for >5 days), the efficiency of conversion
from [psi-] to [PSI+] was tested by the following colour assay. Transformants were randomly
selected and streaked onto ¥ YPD plates to enhance the colour phenotype. After 3 days the
streaked colonies were classified as strong [PSI+] (white), weak [PSI+] (pink) and [psi-] (red)
strains. The obtained conversion percentages result from the analysis of >500 colonies for
each transformation assay.

Conversion from [PSI+] to [psi-] strains

Yeast strains with different phenotypes were grown in YEPD medium containing 3 mM of
Gdn-HCI for 48 h at 30°C to cure the [PSI+] phenotype. The conversion from [PSI+] to [psi-]
phenotype was assessed by spotting cells onto ¥ YPD plates.

Secondary structure determination

ATR FT-IR spectroscopy analyses of Sup35-NM and Ure2p IBs were performed using a
Bruker Tensor 27 FT-IR Spectrometer (Bruker Optics Inc) with a Golden Gate MKII ATR
accessory. Each spectrum consists of 16 independent scans, measured at a spectral resolution
of 1 cm™ within the 17001500 cm™ range. All spectral data were acquired and normalized



using the OPUS MIR Tensor 27 software. FT-IR spectra were fitted to five overlapping
Gaussian curves and the amplitude, centre, and bandwidth at half of the maximum amplitude
and area of each Gaussian function were calculated using a nonlinear peak fitting program
(PeakFit package, Systat Software, San Jose, CA).

Chemical denaturation

For stability assays, purified IBs were prepared at OD3s0nm = 1 in native buffer containing
selected concentrations of guanidine hydrochloride (Gdn-HCI) ranging from 0 to 8 M. The
reactions were allowed to reach equilibrium by incubating them for 20 h at room temperature.
The fraction of soluble protein (fs) was calculated from the fitted values using equation: fs =
1-((ys-y)/(ys-ya)), Where ys and ya are the absorbance at 350 nm of the soluble and aggregated
protein, respectively, and y is the absorbance of the protein solution as a function of the
denaturant concentration.

The value my, was calculated as the denaturant concentration at which fs = 1/2. ODssp nm
changes were monitored with a Cary400 Varian spectrophotometer.

Binding of amyloid dyes to Sup35-NM and Ure2p IBs and amyloid fibrils

The interaction of 10 uM of Congo-Red (CR) with Sup35-NM and Ure2p 1Bs and fibrils was
tested using a Caryl00 UV/Vis spectrophotometer (Varian, Palo Alto, CA, USA) by
recording the absorbance spectra from 375 nm to 675 nm using a matched pair of quartz
cuvettes of 1 cm optical length placed in a thermostated cell holder at 25°C. In order to detect
the typical amyloid band at ~541 nm, differential CR spectra in the presence and absence of
protein were used.

The binding of 25 uM of Thioflavin-T (Th-T) to Sup35-NM and Ure2p was recorded using a
Cary Eclipse spectrofluorometer (Varian, Palo Alto, CA, USA) with an excitation wavelength
of 445 nm and emission range from 470 nm to 570 nm at 25°C in native buffer. For the
staining assays with Thioflavin-S (Th-S), Sup35-NM and Ure2p IBs were incubated for 1 h
in the presence of 125 uM of dye. After centrifugation (14 000 xg for 5 min), the precipitated
fraction was placed on a microscope slide and sealed. Images of Sup35-NM and Ure2p IBs
and fibrils bound to Th-S were obtained at 40-fold magnification under UV light or using
phase contrast in a Leica fluorescence microscope (Leica DMRB, Heidelberg, Germany).

Transmission electronic microscopy
Fibrils containing solutions were placed on carbon-coated copper grids, and left to stand for
five minutes. The grids were washed with distilled water and stained with 2% (w/v) uranyl

acetate for another two minutes before analysis using a HitachiH-7000 transmission electron
microscope (Hitachi, Tokyo, Japan) operating at accelerating voltage of 75 kV.
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Additional file 1: Table S1 Apparition frequencies of weak and strong [PSI1+] phenotypes in
the transformation of [psi-] yeast strain with the soluble, insoluble fractions of E. coli cells
expressing Sup35-NM protein at 18° and 37°C or purified Sup35-NM IBs.
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Thioflavin-S staining coupled to flow cytometry. A screening tool to
detect in vivo protein aggregation
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Amyloid deposits are associated with an increasing number of human disorders, including
Alzheimer’s and Parkinson’s diseases. Recent studies provide compelling evidence for the
existence of amyloid-like conformations in the insoluble bacterial inclusion bodies (IBs) produced
during the recombinant expression of amyloidogenic proteins. This makes prokaryotic cells a
physiologically relevant system to study the mechanisms of in vivo amyloid deposition. We show
here that the application of flow cytometry to detect Thioflavin-S (Th-S) fluorescence provides a
fast, robust, quantitative, non-invasive method to screen for the presence of in vivo intracellular
amyloid-like aggregates in bacteria, with potential application in the analysis of the impact of
genetic mutations or chemical compounds on the aggregation of disease-associated polypeptides.
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Introduction

Protein misfolding and aggregation into fibrillar structures
appear as the fundamental cause behind multiple human
disorders of growing incidence in our aging society, such as
Alzheimer’s (AD) and Parkinson’s (PD) diseases.!> Amyloid
fibrils are thread-like protein aggregates with a core region
formed by repetitive arrays of B-sheets oriented perpendicular
to the fibril axis, forming a characteristic cross-f structure.’
Since in 1855 Virchow first identified amyloid deposits on the
basis of a blue staining reaction with iodine followed by
treatment with acid,” large efforts have been devoted to the
detection of in vitro and ex vivo amyloid-like aggregates.
Although many dyes, like acridine orange,’ chrysamine G,°
pinacyanol7 or Nile red.® have been shown to be useful for
amyloid detection; Congo Red (CR)’ ! and thioflavins viz.
Thioflavin-S and T (Th-S and Th-T)®"!2 have become the most
popular amyloid specific dyes for histology staining and
biophysical studies. Upon binding to amyloids, thioflavins
experiment an intensity increase and a maximum shift of their
fluorescence spectra when excited using UV or blue light.'?
Th-S is a homogenous mixture of compounds that results from
the methylation of dehydrothiotoluidine with sulfonic acid.
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It binds to amyloid fibrils, but not to soluble monomers and
oligomers.'* Whereas Th-T is the preferred dye for in vitro
studies, it is not usually used as histological stain for amyloid.
In contrast, Th-S, together with CR, is a routine diagnostic
compound for the presence of plaques and tangles in post-
mortem brain sections of AD patients!> and the preferred
thioflavin for in vivo amyloid staining.'®!”

Recombinant protein production is an essential tool for the
biotechnology industry and also supports expanding areas of
basic and biomedical research, including structural genomics
and proteomics.'® A common limitation for the production of
eukaryotic proteins in bacteria is the formation of insoluble
protein aggregates known as inclusion bodies (IBs).'® Although
IBs were considered as “molecular dust-balls” composed of
disorderly deposited proteins joined by unspecific hydrophobic
contacts, recent studies provide compelling evidence for the
existence of highly ordered amyloid-like structures inside these
intracellular aggregates.’®>? This is particularly true, for
amyloidogenic proteins and peptides.'®?*2° In this way, using
H/D exchange NMR experiments we have been able to show
that for the AD linked peptide AB42, the conformations inside
IBs resemble at the molecular level those present in neurotoxic
fibrils, explaining why these bacterial intracellular aggregates are
highly toxic to neuroblastoma cells.”> Moreover, we have shown
that the accumulation of amyloidogenic IBs in bacteria impairs
cellular division and promote aging.?® Therefore, prokaryotic
cells have become a powerful system to study the mechanisms of
in vivo amyloid aggregation as well as their cellular effects.

In the present work, we exploit the unique ability of Th-S to
penetrate biological membranes and accumulate in amyloid
deposits®” to develop a technically straightforward method
that allows detecting the presence of amyloid-like protein
conformations inside living bacterial cells using the high-speed

This journal is © The Royal Society of Chemistry 2012
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multi-parametric data acquisition and analysis properties of
Flow Cytometry (FC).

Results and discussion

The spectrin SH3 (SPC-SH3) is a small globular 62-residue
protein domain. It consists of two B-sheets that form an
orthogonal sandwich structure.?® In previous works we have
designed and produced a large number of SPC-SH3 mutants
displaying a broad range of solubility when produced in
E. coli, from totally soluble to totally insoluble.>?**° For this
work we have selected the C8A-153V, Best2 and D48G-2Y
variants. C8A-I53V is highly stable and soluble in vitro and
localizes preferment in the soluble fraction when expressed in
bacteria. Best2 and D48G-2Y variants are destabilized domains
that form amyloid structures in vitro and amyloid-like 1Bs
inside bacteria. We tested if Th-S staining allows visualizing
the intracellular aggregated state of the amyloidogenic mutants
using microscopy under UV-light. As it can be seen in Fig. 1,
Best2 and D48G-2Y IBs are selectively stained inside living
bacterial cells yielding a strong green-yellow fluorescence. In
contrast, no specific staining was observed in cells expressing
the soluble C8A-153V variant. Therefore, Th-S allows us to
distinguish between the intracellular accumulation of soluble
and amyloidogenic SH3 variants.

As stated above, the aggregation of amyloidogenic poly-
peptides inside bacteria might promote severe cell division
defects.?® The use of Th-S staining allows monitoring this
effect in vivo. In Fig. 1 it can be observed how cells expressing
the highly amyloidogenic D48G-2Y domain®* become

CRA 153V

D4B86(2Y)

Fig. 1 Optical fluorescence microscopy images of bacterial cells
expressing SPC-SH3 mutants stained with Th-S. Left and right panels
correspond to phase-contrast microscopy and fluorescence microscopy
under UV light, respectively. Arrows indicate the position of IBs. Scale
bars correspond to 5 um.

elongated and accumulate multiple Th-S positive IBs as a
result of their inability to divide.

To confirm that the capacity of Th-S to stain intracellular
amyloid-like IBs is a generic property of the dye, we further
analyzed two related, physiologically relevant, model peptides:
AB40 and AP42. We have shown before that inside bacteria
these peptides form small IBs that once purified fulfil all the
requirements to be classified as amyloids: they seed fibril
growth, are Congo red positive and show characteristic
B-sheet-rich circular dichroism and infra red spectra.>> In
Fig. 2A we show that these IBs also bind Th-S yielding a
bright green-yellow fluorescence against a dark background
when illuminated with UV-light. We used confocal micro-
scopy to test whether Th-S can also stain these aggregates
when they are inside living cells. In Fig. 2B it is shown that a
significant proportion of induced bacterial cells form aggre-
gates located at the cellular poles, which display high fluores-
cence, confirming thus that in vivo Th-S binding is aggregation
dependent but protein independent and can be easily monitored
using both confocal and optical microscopes. In the light of
these results we decided to investigate the impact of the presence
of cells containing amyloid-like aggregates on the excitation and
emission spectra of Th-S. The presence of cells expressing either
AB40 or AP42 peptides promotes important bathochromic
effects in both the excitation and emission maximum wave-
lengths of Th-S, which shift from 342 and 436 nm to 375 and
455 nm in the presence of cells containing IBs (Fig. 3). In
addition, a dramatic fluorescence enhancement is observed in
the presence of bacterial cells expressing either of the recombi-
nant AP peptides compared to non-expressing cells (Fig. 3).

The above-described spectroscopy- and microscopy-based
Th-S fluorescence detection methods cannot be easily adapted
for large-scale analysis. Thus, we sought to test whether FC
has the potential to detect Th-S binding to IBs inside cells. FC
is a powerful method allowing the analysis of complete cell
populations based on the characteristics of single cells flowing
through an optical and/or electronic detector. Flow cytometers
are able to analyze thousands of cells per second and therefore
are suitable for high-throughput analysis.>’ We compared the
fluorescence properties of E. coli cells expressing AB40 and
AB42 peptides with those of non-induced cells (containing the
plasmid encoding for AB42) in the presence and absence of
Th-S (Fig. 4). For FC fluorescence measurements an excita-
tion wavelength of 355 nm was used and emission was
collected at 530 nm to take profit of the Th-S spectral shift
promoted by cells containing IBs (Fig. 3). In the absence of
Th-S no differences among the three bacterial cell populations
exist, all displaying almost identical dot plots and histograms,
indicating essentially the absence of background fluorescence
emission (Fig. 4 and Table 1); this allowed defining the
threshold (P2) for gating the fluorescent cellular populations
in the presence of Th-S. In the presence of the dye, induced
and non-induced cells exhibit clearly different cell frequency
histograms (Fig. 4). In non-induced bacteria, 5% of the
cells are found in P2, whereas this value increases to 90%
and 97% in cells expressing AB40 and AB42 peptides, respec-
tively (Table 1). In addition, the mean fluorescence of non-
induced cells is about 20 and 30 times lower than the signal
of cells expressing AP40 and AP42 peptides, respectively.
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Fig. 2 Th-S staining of purified AB40 and AB42 IBs and confocal microscopy images of bacterial cells expressing AB40 and AP42 peptides. (A)
Th-S fluorescence of purified AB40 and AB42 IBs under UV light. Scale bars 50 pm. (B) Left and right panels correspond to the phase-contrast and
confocal laser microscopy image, respectively. Image color-code with intensity LUT (Pcolor4) in which purple was used to encode background,
and blue, green and red to encode increasing Th-S fluorescence. Arrows indicate the position of IBs. Scale corresponds to 5 pm.
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Fig. 3 Emission and excitation spectra of Th-S in the presence of bacterial cells expressing AB40 and AB42 peptides. Normalized excitation and
emission Th-S fluorescence spectra: In the presence of bacterial cells expressing AB40 (A) and AB42 (B) peptides and in their absence (C). Above
each graph the excitation or emission wavelength used to record the emission and excitation spectrum is indicated. (D) Emission spectra of Th-S
alone and in the presence of non-induced BL21 cells or BL21 cells expressing AP peptides.

Importantly, the ratio between the mean fluorescence of cells
expressing the more amyloidogenic AP42 variant and the

signal of cells expressing AP40 coincides exactly with that
observed by spectroscopy, 1.3 in both cases (Fig. 3 and Table 1).

This journal is © The Royal Society of Chemistry 2012
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Fig. 4 Flow cytometry detection of cells expressing amyloid AP peptides. Left and right panels correspond to analysis in the absence and presence
of Th-S, respectively. A, C, E, G, I and K correspond to forward scatter (FSC) vs. side scatter (SSC) dot-plots showing the P1 gate. Cells in P1 were
analyzed by fluorescence emission at 530 nm upon excitation at 355 nm. Panels B, D, F, H, J and L correspond to cell frequency histograms. Non-
induced BL21 cells (A, B, G and H), BL21 cells expressing AB40 (C, D, I and J) and BL21 cells expressing Ap42 (E, F, K and L).

Table 1 Detection of cells containing amyloid-like IBs using Th-S
and flow cytometry. The population in P2 corresponds to cells
exhibiting fluorescence emission at 530 nm upon excitation at 355 nm

Sample % Population in P2 gate Th-S intensity mean
BL21 0 0
BL21 + Th-S 5 218
AB40 0 0
AB40 + Th-S 90 4905
ApB42 0 0
AB42 + Th-S 97 6265

Overall, the data indicate that FC of Th-S stained bacterial
cells provides a sensitive and selective approach to identify the
formation of intracellular amyloid-like aggregates.

FC offers advantages for the analysis of biological samples
over conventional single-cell measurements or approaches that
rely on averaged population properties. Specifically, when
compared with alternative automated technologies available
for cell-based screening, like fluorescent plate reader assays,
the analysis of a large number of cells in FC averages

experimental variability, providing more consistent and repro-
ducible results. In this way, the signals of cells actively
expressing the recombinant protein and not expressing it, i.e.
because they have lost the plasmid, are averaged in plate
reader assays, biasing the measurements and making the assay
dependent on the culture and induction conditions. In
contrast, the two populations are easily distinguished using
FC and can be analyzed independently. In cell-based plate
reader assays, light scattering by cells in suspension might
interfere significantly with fluorescence emission/detection and
therefore cell concentrations have to be determined accurately
and controls performed to correct the scattering effect. This
problem is avoided in FC assays. Moreover, the amount of
laser light that is scattered by cells is routinely measured in FC,
providing data as the relative cell size when captured in line
with the incident light (forward scatter), or the amount of
cellular complexity when captured at a 90° angle (side scatter),
and these parameters can be correlated with the fluorescent
emission of individual cells. Additionally, only the fluores-
cence that is associated with cells is measured by FC, so that
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background fluorescence in the fluid goes undetected. This FC
property is important for amyloid inhibitor’s screening since
many active compounds have an aromatic character’? and are
intrinsically fluorescent, potentially interfering with thioflavin
emission in solution. Finally, FC allows performing multiple
analyses on each cell in a sample. Multiplex analysis results in a
gain in productivity since recording two or more fluorescent
probes in one flow assay is equivalent to performing two or
more independent experiments on a plate reader. Combining
Th-S detection of intracellular aggregates with simultaneous
measurement of cell viability and/or metabolic cellular state in
FC assays is a promising strategy to gain insight into the
cytotoxic effects of amyloids (Navarro ez al., unpublished data).

Plate reader assays are the default election method for in vitro
screening of amyloid inhibitors. In this line, we have shown that
purified AB42-GFP IBs can be used to screen for inhibitors of
AP42 aggregation in a plate-based assay by monitoring the
recovery of GFP fluorescence upon unfolding.®® This assay
exploits the kinetic competition between the rates of GFP
folding and of AP42 aggregation.***> The same principle has
been used to track the aggregation of GFP fusions to amyloid
proteins inside living cells,*® to identify inhibitors of intra-
cellular amyloid formation®” or to monitor the effect of chaper-
ones on intracellular aggregation.’® However, it is important to
note that any factor that would impact GFP folding or
aggregation rates would lead to a biased readout in these
approaches, independently of the aggregation propensity of
the target protein. The method presented here overcomes this
problem since it monitors directly the presence of amyloid-like
aggregates inside cells without the need for a protein reporter.

Conclusions

Bacteria have become model organisms to study the effect of
genetic mutations on the aggregation propensities of
proteins,’*3*3%3 to screen for anti-aggregational drugs®’ to
analyze the impact of the protein quality machinery on protein
aggregation,”®** to study how protein aggregation relates to
aging*' or to understand the relationship between aggregation
and the evolution of protein sequences.*> We show here using
bacterial cells as a model system that the use of the amyloid
specific dye Th-S, coupled to flow cytometry provides a fast,
high-throughput, quantitative and non-invasive technique to
monitor the in vivo intracellular aggregation of unrelated
amyloidogenic proteins. The method might contribute to clarify
the mechanisms of in vivo amyloid aggregation of peptides and
proteins related to conformational diseases in the simple, yet
physiologically relevant intracellular prokaryotic environment.

Experimental
Chemicals and proteins

Th-S (T1892) and other chemical reagents were purchased
from Sigma (St. Louis, MO). Solutions were prepared in
double-distilled water purified through a Milli-Q system
(Millipore, USA).

For expression of AB40 and AP42 peptides and SPC-SH3
mutants in E. coli, competent cells BL21 (DE3) were transformed

with a pET28a vector (Novagen, Madison, WI) carrying the
DNA sequences of AP40 and AP42 as inserts and with
pBAT4-derived plasmid encoding SPC-SH3 mutants. Cultures
were grown up at 37 °C in Luria medium (LB) to an optical
density (ODggonm) Of 0.5. Protein expression was induced by
the addition of isopropyl B-p-thiogalactopyranoside (IPTG) at
a final concentration of 1 mM for 12 hours at 37 °C. Cells were
centrifuged at 8000 x g, 4 °C, for 10 min. The cell pellet was
re-suspended in phosphate buffer saline (PBS) and diluted in
the same buffer at an ODgyy nm of 1.

IBs purification

IBs were purified from cell extracts expressing the recombinant
proteins by detergent-based procedures as described.*> Cells
were centrifuged at 12000 x g, 4 °C for 15 min and resus-
pended in lysis buffer (50 mM Tris-HCI pH 8, | mM EDTA,
100 mM NaCl), plus protease inhibitor PMSF and lysozyme at
the final concentrations of 15 mM and 300 pg mL™", respec-
tively. After 30 min of incubation at 37 °C under agitation,
detergent NP-40 was added at 1% and the cells were incubated
at 4 °C for 50 min under mild agitation. Then mixtures were
treated with DNase and RNase at 15 pg mL ™' and MgSOy, at
15 uM for 30 min at 37 °C to remove nucleic acids. Protein
aggregates were collected by centrifugation at 12000 x g for
15 min and washed in lysis buffer with 0.5% Triton X-100.
Finally IBs were washed three times with PBS and pellets were
stored at —20 °C until analysis.

Thioflavin-S steady-state fluorescence

Fluorescent spectral scans of Th-S were analyzed using a
Varian spectrofluorometer (Cary Eclipse, Varian, Palo Alto,
CA). For emission scans, the excitation wavelengths were
342 nm and 375 nm for free and bound Th-S, respectively,
and emission range from 400 to 500 nm. For excitation scans,
the emission wavelengths were 436 nm and 455 nm for free and
bound Th-S, respectively, and excitation range from 300 to
400 nm. Slit widths of 5 nm were used for excitation and emission.
Spectra were acquired at 1 nm intervals, 600 nm min ' rate and
0.1 s averaging time.

In order to test Th-S fluorescence in the absence and
presence of bacterial cell containing IBs 1 mL of bacterial
culture was centrifuged at 12000 x g, 4 °C for 15 min. The
supernatant was discarded and the bacterial cells were
re-suspended in PBS at an ODggg nm, of 1. Th-S and bacterial
cells were mixed to obtain Th-S and bacteria concentrations in
PBS of 25 uM (from a stock solution of 250 pM in Milli-Q
water) and an ODgoo om Of 0.1, respectively. Spectra were
recorded after 15 min equilibration. Excitation and emission
slit widths of 5 nm were used.

Optical fluorescence microscopy

Cells and purified IBs were incubated for 1 h in the presence of
125 uM of Th-S, pelleted by centrifugation and re-suspended
in PBS. 10 pL of sample was deposited on top of glass slides.
Images were obtained under UV light using a filter for GFP
excitation (450-500 nm) and an emission filter (515-560 nm)
or using phase-contrast microscopy in a Leica fluorescence
DMBR microscope (Leica Microsystems, Mannheim, Germany).

This journal is © The Royal Society of Chemistry 2012
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Confocal microscopy

The bacterial cells expressing the recombinant proteins were
incubated for 1 h in the presence of 125 pM of Th-S, pelleted
by centrifugation, re-suspended in PBS and placed in glass
slides at 37 °C in the incubation chamber of a TCS-SP5 AOBS
confocal laser scanning microscope (Leica Microsystems
Heidelberg 575 GmbH, Mannheim, Germany). Th-S fluores-
cence was excited using a 488 nm argon laser and the emission
was collected in a range from 515 to 540 nm. Images were
digitally captured and analysed with LAS AF 579 Lite Software
(Leica Microsystems CMS GmbH, Mannheim, Germany).

Flow cytometry

Flow cytometry (FC) was performed using a FacsAria SORP,
flow cytometer (BD Biosciences, San Jose, CA, USA)
equipped with a 355 nm-UV laser. Cells were first gated (P1)
by forward scatter (FSC) and side scatter (SCC) signals. Cells
in P1 were then analyzed for yellow/green Th-S fluorescence
emission measured on an FL1 detector (530/30 nm band pass
filter). Data analysis was performed with the FACSDiva
Version 6.1.1 (BD Biosciences, San Jose, CA, USA). The final
Th-S concentration was 125 uM and bacteria were diluted at
an ODggg nm of 0.05 in PBS.
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